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ABSTRACT 
 
 
Baton Rouge, Louisiana, is one of the metropolitan areas in the United States that 
currently does not meet the national ambient air quality standard for tropospheric ozone.  In 
addition to petrochemical and other industrial activities, the climatological characteristics of the 
area meaningfully impact the development of tropospheric ozone.  This research study attempts 
to assess factors contributing to elevated concentrations of tropospheric ozone. 
Hourly observations of surface ozone concentrations were analyzed for eleven ambient 
air quality stations in the Baton Rouge metropolitan nonattainment zone (BRNAZ).  Data 
covering a 15-year period, January 1993 – Dec 2007, was characterized according to varying 
temporal scales: annually, seasonally, monthly, and daily. Utilizing an environment-to-
circulation approach, surface ozone concentrations were related to broad-scale steering 
circulation patterns. 
The combination of principal components analysis and k-means cluster analysis enabled 
the 700 hPa geopotential height fields for 792 days which experienced elevated ozone (70 ppb) 
to be categorized into nine clusters, representing the major modes of synoptic variability related 
to surface ozone concentrations in the BRNAZ.  Overall ozone forcing patterns were broadly 
determined to be synoptic subsidence, Gulf High, and non-meteorological related. 
The third major component of this study involved a series of ozonesonde launches in the 
spring of 2006.  The primary purpose of the launches was to investigate the diurnal variation in 
the vertical distribution of tropospheric ozone within the BRNAZ.  The data collected indicated 
subsidence, radiational cooling, frontal passage, advection, and turbulent mixing influenced the 
development of tropospheric ozone. 
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CHAPTER 1:  INTRODUCTION 
 
 
1.1 Problem Statement 
Ozone (O3) is an atmospheric gas that has a dual nature with effects that are beneficial as 
well as harmful to people and their environment.  The lively saying, “Good up high, bad nearby” 
(USEPA 2003) summarizes the conflicting role of O3 in our atmosphere.  Ozone that is situated 
very high in the atmosphere such as in the stratosphere (approximately 20-50 km above the 
surface)  helps to create a “radiation shield” that protects life below it from harmful solar 
ultraviolet radiation (with wavelengths between 0.18 and 0.34 micrometers).  This happens 
because O3 absorbs radiation at these wavelengths – the largest window of wavelengths that are 
damaging to cells that are not absorbed by other atmospheric gases.  This “ozone layer” occurs 
naturally as monatomic oxygen (O) bonds with diatomic oxygen (O2) after the photodissociation 
of O2 (when O2 absorbs solar radiation at wavelengths between 0.12 and 0.18 micrometers) 
momentarily liberates O in the atmosphere. Ozone then photodissociates back into O and O2.  
Therefore, the generation and breakdown of O3 occurs constantly during daylight hours.  The 
“ozone layer’s” location in the atmosphere results because this is the lowest level at which 
atmospheric density is high enough for both O and O2 to be abundant enough for the bonding to 
occur quickly enough to absorb ultraviolet light effectively, before it penetrates to lower levels in 
the atmosphere and endangers terrestrial life. The addition of pollutants such as chlorine and 
bromine compounds would create non-natural possibilities for the bonding of O with atoms and 
molecules other than O2, thereby circumventing the O3 formation process.  The well-known 
“hole” in the O3 layer occurs because of such bonding, particularly under the influence of a long 
polar “night”, during which no photodissociation of O3 or O2 is occurring to form new ozone.  
2 
 
On the other hand, the presence of O3 in high concentrations closer to the earth’s surface as in 
the lower troposphere is harmful as it is toxic to life.   
The process described above suggests that O3 is a secondary pollutant, meaning that it is 
not directly emitted into the earth’s atmosphere, but rather forms as the result of chemical 
reactions between light and other molecules within the earth’s atmosphere (Bouble et al. 1994).  
As part of this process, there are chemicals known as precursors that can either help or hinder the 
development.  In the troposphere, precursors known as volatile organic compounds (VOCs) and 
nitrogen oxides (NOx), are produced both via natural as well as anthropogenic sources (Singh 
1995).  These precursors along with the solar ultraviolet radiation and other atmospheric 
properties, ultimately determine the concentration of O3 present.  While stratospheric O3 
concentrations tend to vary only slightly across space, tropospheric O3 tends to be concentrated 
where precursor elements are concentrated in urban areas, particularly if abundant sunshine is 
available to drive the photodissociation process.  Atmospheric properties including temperature 
(Wise and Comrie 2005), humidity (Ellis et al. 2000), and wind (Darby 2005) play a role in 
tropospheric O3 concentrations as well. 
Ozone found in high concentrations in the lower troposphere near the Earth’s surface can 
be problematic.  Ozone is one of the primary components of smog, an undesirable condition that 
not only affects the healthiness of the air we breathe, but also detracts from the quality of life in a 
natural setting.  Health factors such as respiratory illness and eye irritation result from elevated 
levels of ozone.  Additionally, economic impacts, both direct and indirect, are associated with 
tropospheric ozone.  Ozone has been linked to crop damage and associated health care costs.  
There is also the potential for increased costs due to regulatory efforts, pollution mitigation 
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strategies, and perceived decrease in quality of life.  These negative effects will be discussed 
further in Chapter 2. 
The focus of this study is the Baton Rouge, Louisiana, metropolitan area.  This 
petrochemical, educational, and governmentally-centered area with an estimated population of 
nearly 800,000 has had a history of difficulty complying with clean air standards for O3 
according to the National Ambient Air Quality Standards established by the U.S. Environmental 
Protection Agency (EPA).  The Baton Rouge nonattainment zone (BRNAZ) has been listed as 
number 25 on its list of 25 most O3-polluted areas in the American Lung Association State of the 
Air 2010 report (American Lung Association 2010).   While the full array of commercial, 
residential, and industrial activities affect O3 concentrations in the BRNAZ, it is the 
climatological characteristics of the area that gain priority in this research study.   
 
1.2 Research Objectives 
It is ultimately the goal of this research to provide more insight into the atmospheric 
factors affecting the development of tropospheric O3 and thus possibly allowing for a greater 
understanding that will enable humans to better monitor and prevent episodes of elevated 
tropospheric O3 concentrations.  To achieve the goal of better understanding how atmospheric 
factors affect the development of tropospheric O3 in the BRNAZ, three fundamental research 
objectives have been established: 
1) To develop an O3 climatology of the study area that identifies distinguishing 
characteristics on hourly, monthly, seasonal, and annual time scales.  Descriptive 
statistics representative of the stations within the study are generated from ambient air 
station hourly data. 
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2) To implement principal components analysis (PCA) in combination with cluster 
analysis to determine the effects of synoptic circulation on the development of O3.  
The goal of this procedure is to generate clusters or groups that characterize the major 
synoptic patterns that contribute to excessive tropospheric O3 concentrations in the 
BRNAZ. 
3) To present case studies of ozonesonde launches illustrating the vertical profile of O3 
distribution in the troposphere on particular days.  The insight gained from this 
presentation will provide details related to vertical mixing and other boundary layer 
characteristics related to O3 development. 
 
1.3 Chapter Organization 
This dissertation is comprised of six chapters.  The following chapter includes a review 
of selected literature on topics such as effects on human health and the environment, government 
regulation and economic impacts, and O3 forcing mechanisms.  In Chapter 3, an O3 climatology 
of hourly observations is developed and the results are presented.  Chapter 4 covers the synoptic 
analysis approach combining PCA and cluster analysis to establish groups of similar episodes of 
elevated ozone.  Chapter 5 includes the case study presentation of fieldwork related to the 
launching of several ozonesondes.  Finally, Chapter 6 provides the summary and discussion of 
major findings related to this study. 
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CHAPTER 2:  BACKGROUND 
 
 This chapter reviews the literature associated with the development of tropospheric ozone 
(O3).  In addition, some relevant examples of work regarding the techniques and developments in 
climate analysis are reviewed.  Although a substantive review of policy-oriented papers is 
beyond the scope of this dissertation, some work in that arena is presented here as well.  In 
subsequent chapters, additional detail on specific topics is included as needed.  
 
2.1 Ozone Principles 
Ozone is a compound comprised of three atoms of oxygen and found in a gaseous state in 
the atmosphere.  The majority of O3 contained within the Earth’s atmosphere is situated within a 
20 km thick layer located between the tropopause and stratopause with maximum O3 
concentrations occurring at altitudes between 25 and 30 km (Wayne 1991).  It is the great 
abundance of O3 at these altitudes that allows for the effective absorption of incoming ultraviolet 
solar radiation, thereby providing a protective layer for life on Earth (Wayne 1991).  However, at 
levels closer to the Earth’s surface, the presence of O3 is less desirable.  Tropospheric O3 
accounts for approximately 10 percent of the total O3 contained within the Earth’s atmosphere 
(Wayne 1991).  Used by the U.S. Environmental Protection Agency (EPA) in public information 
material, the saying “Good up high, bad nearby” describes the dual impact of this chemical 
(USEPA 2003).  In the lowest few meters of the atmosphere – the planetary boundary layer – 
exposure to O3 can lead to increased cases of respiratory illness and damage to vegetation 
(Aguado and Burt 2004).  Also, the formation of O3 can lead to the development of 
photochemical smog and associated health concerns affecting major metropolitan centers such as 
Los Angeles (Haagen-Smit 1970).   
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The formation of tropospheric O3 is enhanced on sunny days with temperatures of at least 
80 to 90°F and calm winds.  The O3 is produced through a complicated series of chemical 
reactions requiring the inputs of four main components:   volatile organic compounds (VOCs), 
nitrogen oxides (NOx), atmospheric oxygen (O2), and sunlight (McKee 1994).  Ozone is 
considered a secondary pollutant because it is not directly emitted into the air, but rather it is 
formed through chemical reactions involving primary pollutants which are directly emitted from 
a source, such as in the case of the photolysis of NO2 (Bouble et al. 1994; Wayne 1991), with 
NOx and VOCs being primarily pollutants that act as precursors to O3 formation.  The photolysis 
of NO2 is believed to be a byproduct of combustion and thus a source of anthropogenic O3 
(Finlayson-Pitts and Pitts 1997).  Tropospheric O3 production is limited mainly by the supply of 
hydrocarbons such as carbon monoxide (CO) and methane (CH4) (Wayne 1991).  Although most 
NOx and VOCs in the atmosphere are anthropogenic in origin, natural emissions of NOx are 
possible from lightning (Hudman et al. 2007) or soils (Hall et al. 1996) and of VOCs (and NOx to 
a lesser extent) from certain vegetative species (Singh 1995).  The sources of NOx and VOCs are 
both stationary and mobile in nature and are often related to fossil fuel combustion.  Compounds 
of NOx are mostly emitted by stationary point sources such as power plants, industry, and mobile 
sources such as vehicles (Singh 1995).  Human sources of VOCs are typically more mobile.  The 
combination of NOx, VOCs, and plentiful sunlight form an effective recipe for the creation of O3 
within the troposphere. 
 
2.2 Global Phenomenon 
Tropospheric O3 is not limited solely to the Baton Rouge nonattainment zone (BRNAZ) 
or the United States.  Studies have been conducted worldwide due to the importance throughout 
the globe.  From the subcontinent of India (Patil et al. 2009) to Seoul, Korea (Heo and Kim 
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1993), from the Bavarian Alps (Reiter 1991) to the Lower Fraser Valley in British Columbia 
(McKendry and Lundgren 2000), and from Athens, Greece (Varotsos et al. 1998) to Mexico 
City, Mexico (Nebot et al. 2008), the influence of tropospheric O3 in the atmosphere has been 
noted.  Tropospheric O3 knows no boundaries as it extends into locations that are dry or moist, 
coastal or continental, arctic or tropical, elevated or low-lying, rural or metropolitan.  
 
2.3 Effects on Human Health 
Although effects of O3 on human health have been noticed since at least the 1800s 
(Madden and Hogsett 2001), most research did not begin in earnest until much later.  Nearly fifty 
years ago, the effects of O3 exposure on vegetation and human health were noted for the first 
time in Southern California (Taylor 2001).  Since the 1950s, much O3-related research has been 
undertaken.  These efforts have contributed to the understanding of the formation, 
characteristics, and effects of this toxic chemical on the environment and human health 
considerably; however, much research needs to be performed to fully understand the exact 
relationship between O3, the environment, and human health.  With improved forecasting 
capabilities and knowledge, it may be possible for society to mitigate the negative effects of O3 
exposure. 
Although some effects of O3 exposure to humans are relatively minor such as eye 
irritation (Haagen-Smit 1950), more serious conditions are typically related to failures or 
complications in the respiratory system (McKee 1994).  In 1967, one of the first linkages 
between physiological effects and ambient O3 involved the study of the performance of 
individuals running a cross country race in Los Angeles County (Wayne et al. 1967).  Braat et al. 
(2002) noted a significant relationship between nasal reactivity symptoms and O3. 
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Exposure to O3 has even been shown to increase mortality rates, including in Los 
Angeles and New York (Ostro and Rothschild 1989; Kinney and Ozkaynak 1991, 1992).  If the 
modeling work performed by Knowlton et al. (2004) is accurate, the New York metropolitan 
area is likely to see an increase in O3 related deaths in the middle of this century.  Evidence 
suggests that the link to mortality occurs due to failure of the respiratory and circulatory systems 
(Schwartz 1994; Tsai et al. 2003).  Bell et al. (2006) noted the existence of a linkage between 
premature mortality and ambient O3 exposure even at levels lower than federal air quality 
standards.  However, at least one major study questioned the results of previous research on the 
implications of O3 on human mortality, based on model uncertainty (Koop and Tole 2004).   
 Certain members of the human population are more susceptible to effects from O3 
exposure.  They include the elderly, children, those already with respiratory illnesses, and 
individuals who either work or recreate outdoors for extended periods of time.  For example, two 
studies suggest that extended exposure to O3 in children can indeed lead to respiratory problems 
(Castillejos et al. 1992; Braun-Fahrlander et al. 1992).  Some children in Leipzig, Germany, had 
shown adverse respiratory effects from ground level O3 exposure (Schlink et al. 2006).  In a 
study of three different groups, it was found that those who worked outdoors or spend several 
hours outdoors were more likely to be affected by decreased lung function possibly caused by O3 
exposure (Brauer and Brook 1997).  However, this association is not fully accepted by Moll van 
Charante and Mulder (1996), who identified no correlation between O3 exposure and health-
related issues of forestry workers.  In contrast, Moll van Charante and Mulder (1996) suggested 
that it is possible that the tree canopy over which the workers performed their duties may have 
actually shielded them from unhealthy O3 exposure. 
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2.4 Effects on the Environment 
The effects of O3 are not limited to humans; vegetation and crops can be damaged by 
elevated concentrations as well.  Generally, the amount of damage caused is related to the dose 
received (Holdgate 1979).  The concentration and time of exposure of O3 determines the extent 
of negative effects on vegetation.  Winner (1994) reviewed the methods determining how plants 
respond to presence of ozone.  Krupa and Manning (1988) found that tropospheric O3 is highly 
phytotoxic and its effects are not only visible through appearance and yield, but also have 
secondary effects in the photosynthetic process.  Additionally, O3 may act to physiologically 
alter the cell membrane structure and photosynthetic enzymes within some plant matter (Driscoll 
et al. 2003).  Exposure of O3 can even affect the surface of leaves of certain tree species, 
potentially leading to increased water loss and ultimately affecting their water balance 
(Schreuder et al. 2001).  
  Vegetation is not only impacted by O3 – it actually creates O3 also.  In a collection of 
simulated experiments in Paris, France, it was found that the chemical effect of biogenic 
emissions led to an increase in surface O3 concentrations of up to nearly 30 percent (Solmon et 
al. 2004).  In some humid regions, the contribution of VOCs from biogenic sources is believed to 
be a greater contributor to the formation of O3 than elevated NOx emissions from industrial or 
motor-vehicle exhaust (Chameides et al. 1994).  Utilizing land cover data, Kinnee et al. (1997) 
estimated VOC emissions from vegetation and nitric oxide (NO) from soils.  They suggested that 
successful regulation may hinge on the ability to approximate the effects of these precursor 
chemicals on O3 development.  Additionally, Kinnee et al. (1997) noted that there are indeed 
seasonal effects on isoprene (a type of VOC) emission rates.  Even simple tasks such as mowing 
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grass may lead to significant emissions of VOCs, which ultimately may lead to the development 
of O3 and photochemical smog (Kirstine and Galbally 2004). 
 The effects of O3 exposure on crop yields have been studied since the 1950s (McKee 
1994).  Computer simulations have confirmed that crop yields are indeed decreased by ambient 
O3 (Lee et al. 1988).  It has since been estimated that nearly 90 percent of crop value lost to air 
pollution is caused or partially caused by ozone (Mauzerall and Wang 2001).  Some results 
suggest that even with standards being met for the maximum acceptable levels of O3, yield losses 
would continue to decline, suggesting that stricter standards may need to be implemented 
(McKee 1994).  Some argue that the federal air quality standards are primarily focused on human 
health and therefore are not sufficient for protecting crops and vegetation (Mauzerall and Wang 
2001).  Studies have shown that low concentrations of ~60 ppb are still significant enough to 
impact the growth and yield of vegetation (Morgan et al. 2003), but the U.S. standard to protect 
human health remains at 75 ppb over an eight-hour period. 
 Ozone also affects natural areas of recreational and sentimental value.  Some of the most 
impressive U.S. national parks, such as the Great Smoky Mountains National Park, are adversely 
affected by O3 and other air pollution (Shaver et al. 1994). In most of these parks, the forests and 
other vegetation have been found to be affected by the presence of tropospheric O3 (Pye 1988).  
However, effects may vary by species (Schreuder et al. 2001), atmospheric variables, forest 
health, and insects or pests (Chappelka and Samuelson 1998).  Additionally, the effects of O3 
may impact the overall ecosystem in a region when more O3 resistant species compete with less 
resistant species, thus changing the overall composition within a stand (Fuhrer 2002). 
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2.5 Effects on the Economy 
By the mid-twentieth century, O3 was identified as a major constituent of smog (Haagen-
Smit et al. 1952, 1953).  From that point forward, O3 became associated with negative effects on 
the economy such as reduced crop yields and rubber component deterioration.  Taylor (2001) 
estimated the cost of ambient air quality at over 15 billion dollars annually in the U.S., with more 
emphasis placed on human health effects versus management of agricultural and natural 
ecosystems.  Characteristics of O3 development, such as transport mechanisms, differ from urban 
to rural settings, causing varying effects and thus more complicated risk management issues 
(Madden and Hogsett 2001).   
The economic impacts of air pollution are not limited to only the United States.  
Worldwide estimated health costs due to global O3 pollution alone amounts to $580 billion with 
over 2 million related mortalities (Selin et al. 2009).  Although much emphasis is placed on 
health related costs, overall personal productivity, activity, and spending is also impacted.  If the 
nation was able to achieve full attainment, billions of dollars would be saved due to fewer 
premature deaths, a decrease in hospital visits, and fewer lost activity days (Hubbell et al. 2005), 
in addition to other savings such as in crop value and monitoring costs. 
  
2.6 Government Regulation 
The regulation of air pollution was not well-developed anywhere in the world until after 
the mid-twentieth century.  The desire for regulatory bodies to manage air pollution control 
issues began in California around 1950.  At first, regulation was handled at the county level, but 
such practices led to uneven enforcement.  It was not until the mid-1960s when the federal 
government began to provide funds and resources in assisting state and local entities in 
regulating air pollution including the Air Quality Act of 1967 (Haagen-Smit 1970).  This came at 
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a time when a sense of environmentalism was sweeping the nation’s public, with awareness from 
efforts such as those of Rachel Carson (1962) in her book entitled Silent Spring where she 
reported on the negative effects of the use of DDT (dichloro-diphenyl-tricholoro-ethane) as a 
pesticide and how it negatively affected wildlife and humans.  Additionally, metropolitan areas 
were choking on smog-filled air and people were looking for the government to take steps to 
assure clean air to breathe and enjoy.  Facing mounting pressure from the public, the federal 
government acted in a manner to begin controlling and regulating efforts to minimize various 
forms of pollution. 
Due to the harmful effects on human health, the natural environment, and potential 
economic impacts, the U.S. EPA has regulated certain criteria air pollutants including O3 since 
the 1970s (Diem 2003).  In 1970 during President Nixon’s term in office, the United States EPA 
was created as a result of the requirements of the first federal Clean Air Act of 1970.  That same 
year, the EPA established the first NAAQS air pollution criteria standards for hourly O3 
concentrations not to exceed 80 ppb.  A few years later, this standard was relaxed to 125 ppb for 
1-hr concentrations.  This standard existed for nearly 20 years until it once again was modified 
by the EPA and essentially became a two-tiered standard.  Prior to 1999, if a metropolitan area 
had an O3 concentration exceeding 125 parts per billion (ppb) at any measurement station within 
it, averaged over a one-hour period, it was deemed a nonattainment zone.  Since that time, as 
areas meet the first criteria, they become subjected to an even stricter standard of 85 ppb 
averaged over an eight-hour period (Lefohn et al. 1998).  The rationale for the change is the 
mounting evidence that prolonged (i.e, 8-hr) exposure to moderate O3 mixing-ratios may be as 
detrimental to health and property as exposure to a higher concentration for only one hour.  In 
2008, the EPA passed legislation tightening the standard even further to 75 ppb.  Currently, the 
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EPA and the federal government are reviewing plans to once again stiffen the primary standard 
to between 60 and 70 ppb as well as enforce a new weighted secondary standard focusing on 
effects related to the environment. 
The O3 concentration is measured typically at one or more ambient air quality monitoring 
stations on a continuous basis, ensuring protection of public health and welfare from elevated O3 
exposure.  As with other EPA-designated standards, the O3 standard was designated with a 
primary and secondary measurement.  The primary standard was designed for protecting human 
health, especially those with respiratory ailments, the elderly, and the very young.  The 
secondary standard was set at a level that would protect property such as animals, crops, 
vegetation, and buildings.  Understanding the complex and dynamic nature of O3 enables air 
quality managers to make better decisions regarding reduction strategies and or enforcement 
policies. 
In 2003, Baton Rouge, Louisiana, and its five surrounding parishes were placed into the 
“Severe” nonattainment classification under the older 1-hr standard, with approximately 50 other 
U.S. metropolitan areas also listed in various categories of nonattainment (Rohli et al. 2004).  At 
that time, the one-hour standard had been waived in order to address the more stringent 8-hr 
standard with which Baton Rouge was classified in the “Marginal” category under the older 8-hr 
standard.   More recently, in 2008 Baton Rouge was classified as “Moderate” nonattainment 
under the current 8-hr standard.  It appears that if the NAAQS for ground-level O3 is one again 
tightened, it is likely that not only will the Baton Rouge metropolitan area be designated as 
nonattainment, but several other parishes will also join it.  If Baton Rouge and Louisiana as a 
whole are not able to meet the EPA O3 standards, the region will become subjected to regulatory 
fees estimated in the millions of dollars, reformulated gasoline, required control equipment for 
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business, and other control mechanisms.  The overall impact would cost hundreds of millions of 
dollars to local businesses, customers, and citizens, in addition to the stigma of being a city 
labeled with a poorer “quality of life” rating.   
The chapters that follow will characterize the climatology of tropospheric O3 in the 
BRNAZ (Chapter 3), including the synoptic steering patterns associated with excessive O3 
events (Chapter 4).  It will then examine the vertical profile of tropospheric O3 and concurrent 
weather conditions on selected “case study” days of excessive O3 (Chapter 5).    
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CHAPTER 3:  SURFACE OZONE CLIMATOLOGY OF BATON ROUGE 
NONATTAINMENT ZONE 
 
 
3.1 Introduction 
Identification of patterns and trends in climatological data allows for the characterization 
of the atmospheric environment.  Because climatology includes not only means of atmospheric 
variables, but also extremes and the relationship to other phenomena, this study analyzes 
amplitude and temporal characteristics of ozone (O3) maxima or minima and facilitates the 
correlation between O3 observations and broad-scale steering circulation patterns.  Specifically, 
hourly observations of ambient O3 concentrations at the surface are analyzed for the eleven 
stations in the Baton Rouge nonattainment zone (BRNAZ) (Figure 3.1).  Results will inform 
environmental planners in enacting policy to enable the region to remain within federal O3 
standards.  The identification of patterns in O3 development could provide insight for planners 
and forecasters in mitigating and coping with the effects of tropospheric ozone. 
 
3.2 Review of Literature 
Ozone research has investigated the temporal aspects of O3 development throughout the 
nation.  A few studies have analyzed data consisting of only a few years.  For instance, Cobourn 
and Lin (2004) found a decline from 1998 to 2002 in meteorologically-adjusted daily maxima 8-
hr O3 concentrations in a few metropolitan areas in Kentucky.  In his study of the factors 
affecting ground-level O3 at Grand Canyon National Park in northern Arizona from 1996 to 
2000, Diem (2004) noted the peak in O3 during May was likely attributed to atmospheric 
pollution transported from southern California. 
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Figure 3.1  Ambient air quality monitoring stations in the BRNAZ. 
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Meanwhile, others have taken a much longer approach in their trend analysis.  Smith 
(1989) found an overall downward trend in extreme values in the Houston, Texas, area between 
April 1973 and December 1996. Gao et al. (1996) attempted to remove meteorological effects 
from the long-term trends in surface O3 in the Chicago area from 1981 through 1991.  In a 14-yr 
study, Wise and Comrie (2005) found that cities in the southwestern United States had 
experienced increasing trends in O3 concentrations throughout the 1990s followed by a period of 
decreasing trends.  In an attempt to establish the spatio-temporal patterns of tropospheric O3 
across the eastern United States between 1993 and 2002 (Lehman et al. 2004) noted that peak O3 
concentrations occurred during late July in the Northeast and Mid-Atlantic regions.  In the same 
study, Lehman et al. (2004) noted that the Great Lakes, the Southwest, and Florida experienced 
the highest O3 concentrations during late June, late August, and April/May, respectively.  In a 
study on high O3 days between 2000 and 2007 in the Atlanta metropolitan area, Diem (2009) 
analyzed daily 8-hr average O3 concentrations and came to the conclusion that further research is 
required to address the role of power-plant emissions on ozone exceedances.  
 
3.3 Data and Methodology 
3.3.1 Hourly Surface Ozone Data 
 Data utilized in this analysis were obtained from a variety of sources with most of the 
data available for download freely over the Internet.  The core of the analysis utilizes hourly raw 
O3 concentrations measured in parts-per-billion (ppb) recorded at several ambient air quality 
monitoring stations throughout the BRNAZ. 
The data utilized for this aspect of the study are the National Ambient Air Quality 
Standard (NAAQS) values recorded by the United States Environmental Protection Agency 
(EPA).  These values were obtained from the EPA Air Quality System (AQS) online data archive 
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available from the following website: 
http://www.epa.gov/ttn/airs/airsaqs/detaildata/downloadaqsdata.htm (last accessed: 10/03/2008).  
The data represent the hourly raw surface O3 values (RD_501_44201) recorded at select ambient 
air quality monitors located throughout the regional study area (Figure 3.1). 
The stations of interest were selected from the six parishes surrounding the Baton Rouge 
metropolitan area including Ascension, East Baton Rouge, Iberville, Livingston, Pointe Coupee, 
and West Baton Rouge.  In total, eleven sites were analyzed for this part of the study (Table 3.1).  
These monitoring stations are located throughout the study area in a variety of settings including 
forested, agricultural, residential, and industrial environments. 
 
Table 3.1  Ambient air quality monitoring stations in the BRNAZ and their abbreviations. 
Station Name Abbreviation 
Baker BAK 
Bayou Plaquemine BYP 
Capitol CAP 
Carville CAR 
Dutchtown DUT 
French Settlement FRS 
Grosse Tete GRT 
LSU LSU 
New Roads NRD 
Port Allen PTA 
Pride PRI 
   
The hourly data include up to 24 values per day for each of the 5,478 days from 1 
January 1993 through 31 December 2007.  Thus, there are a possible 131,472 hourly 
observations for each of the eleven monitoring stations over the 15-year study time frame. 
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3.3.2 EPA NAAQS Ozone Standards 
The EPA established air quality standards for ground-level O3 dating back to 1971.  The 
earlier 1-hr standard that stood for nearly 20 years since 1979 was set at 0.12 parts-per-million 
(ppm); in effect if the value was measured below 0.125, rounding will allow the value to be 
reported at 0.12.  That standard allowed an area to exceed 0.12 ppm no more than one day per 
year before the area was designated a nonattainment zone.  In 1997, a newer 8-hr standard was 
implemented which required communities to remain below a daily maximum 8-hr mean 
concentration of 0.08 ppm (which in effect means that if the value was measured below 0.085, 
rounding will allow the value to be reported at 0.08) on all but one day per year.  
An area reached attainment when the 3-yr average of the annual fourth-highest daily 
maximum 1-hr (or 8-hr, once compliance with the 1-hr standard was met) average O3  
concentration is less than or equal to the standard.  In 2008, the EPA tightened the federal O3 
standard again (40 CFR 50.15, 2008).  Under this new implementation, the nonattainment 
designation results if the 3-yr average of the annual fourth-highest daily maximum 8-hr average 
exceeds 0.075 ppm. 
However, due to the lack of instrument precision and reporting capabilities (which only 
allow for data to the hundredths of ppm) in the historical record of  measurements, the values 
deemed to be in exceedance will be slightly different from the new EPA standards in this study.  
The standards will be set at 125 ppb (0.125 ppm) for 1-hr concentrations and 85 ppb (0.085 ppm) 
for 8-hr values.  Nevertheless, the newer standard will remain the same at 75 ppb (0.075 ppm), as 
the newer reporting methods allow for more accurate recordings. 
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3.3.3 Calculation of 8-hr Values 
 To be consistent with EPA's method of determining attainment status according to the 
NAAQS standard, it was necessary to average the hourly O3 observations into 8-hr averages.  
The procedure utilized to generate 8-hr O3 concentrations is similar to that utilized by the federal 
government (40 CFR 50, Appendix P, 2008).  Specifically, the 8-hr average is calculated as a 
running mean from each "window" of eight consecutive hourly O3 concentrations.  If only six or 
seven hourly observations are available for the time frame, then the average is computed using 
six or seven as the divisor accordingly.  If there are fewer than six available hourly 
concentrations, then the 8-hr average is considered missing.  Otherwise, the average is computed 
and the value is truncated to the whole ppb, as necessary.  The average value is stored for the 
first hour of the 8-hr period. 
 
3.4 Results and Analysis 
3.4.1 Missing Hourly Observations 
Overall 1,377,091 adequate hourly observations were assembled, representing 95.2 
percent of all possible hourly observations for all stations (Table 3.2).  This rate is similar to the 
study on ground-level O3 in the Chicago area during the 1980s (Gao 1996) where 4.7 percent of 
the hourly data for stations was missing.  However, the mere presence of six observations at a 
station in an 8-hr window does not ensure data quality.  Furthermore, rather than looking at the 
study as one interval of time, it is possible to gain further insight into the  O3 climatology by 
examining the number of missing observations at annual, monthly, and hourly time intervals. 
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Table 3.2  Number of valid and missing hourly ozone observations per BRNAZ station. 
Station Missing Obs Valid Obs % Missing % Complete 
BAK 4,513 126,959 3.4 96.6 
BYP 9,500 121,972 7.2 92.8 
CAP 4,959 126,513 3.8 96.2 
CAR 7,017 124,455 5.3 94.7 
DUT 6,061 125,411 4.6 95.4 
FRS 6,301 125,171 4.8 95.2 
GRT 8,308 123,164 6.3 93.7 
LSU 4,800 126,672 3.6 96.4 
NRD 6,832 124,640 5.2 94.8 
PTA 4,574 126,899 3.5 96.5 
PRI 6,236 125,236 4.7 95.3 
Total 69,101 1,377,091 4.8 95.2 
 
From an annual perspective, the highest number of missing hourly observations total for 
all the stations occurred in 1993, with 8044 missing observations (Table 3.3).  Over half of these, 
4537 hourly observations to be exact, were missing at the Bayou Plaquemine monitoring station.  
The remainder were spread fairly evenly among the rest of the stations within the study area.  
The year 1999 had the second highest value, with 7412 hours missing, with nearly three stations 
(Grosse Tete, Carville, and French Settlement) accounting for over half of the total.  The year 
with the fewest number of missing observations was 2007, with 2551. 
The mean number of missing observations peaked at the beginning of the study period.   
Over the next few years, this number declined until 1996 when the number of observations rose 
to a secondary peak in 1999 (Figure 3.2).  Since that time, the number of total missing values has 
been small.  Beginning in 2000, the average number of missing values per station dropped and 
has remained between 230 and 430 on average per station per year for the last five years of the 
study period. 
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Table 3.3  Number of missing hourly ozone observations by year and BRNAZ station. 
Year BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total Avg 
1993 350 4,537 333 344 289 362 428 405 316 352 328 8,044 731 
1994 479 722 327 445 458 533 645 569 399 647 404 5,628 512 
1995 498 403 464 407 815 401 452 406 362 409 535 5,152 468 
1996 340 515 409 361 229 350 412 367 423 329 383 4,118 374 
1997 328 380 415 427 323 424 415 415 376 415 430 4,348 395 
1998 603 349 657 481 360 389 342 467 654 307 940 5,549 504 
1999 326 442 371 1,166 199 1,208 2,446 335 307 313 299 7,412 674 
2000 225 419 384 516 175 587 320 206 297 229 355 3,713 338 
2001 283 172 397 489 207 257 172 288 306 297 292 3,160 287 
2002 236 182 168 468 432 266 411 153 295 367 283 3,261 296 
2003 164 481 236 227 910 333 429 246 668 177 390 4,261 387 
2004 182 191 254 399 553 559 967 316 490 189 364 4,464 406 
2005 188 394 213 565 520 270 241 254 1,221 204 635 4,705 428 
2006 156 124 175 411 280 169 339 214 456 143 268 2,735 249 
2007 155 189 156 311 311 193 289 159 262 196 330 2,551 232 
Total 4,513 9,500 4,959 7,017 6,061 6,301 8,308 4,800 6,832 4,574 6,236 69,101 6,282 
 
 
 
Figure 3.2  Average number of missing hourly ozone observations by year for all BRNAZ 
stations. 
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Table 3.4 shows the missing observations as a percentage of the total number of hourly 
observations by station.  The higher percentages of missing data in 1993 and 1999 are again 
evident.  Bayou Plaquemine was missing nearly 52 percent for the former year, and in the latter 
year Grosse Tete, French Settlement, and Carville were missing 28, 14, and 13 percent 
respectively.  In contrast, during 2007 only approximately 2.6 percent of the total number of 
observations was missing, with the Baker, Capitol, and LSU stations having less than 2 percent 
missing observations. 
From a monthly perspective, June had the largest number of missing observations for the 
whole study period, with 6604 missing observations (Table 3.5).  Grosse Tete and Bayou 
Plaquemine combined for over 2400 of those; however, part of the explanation for these missing 
observations at Bayou Plaquemine involves the late beginning of records in 1993.  The months 
with the next three highest numbers of missing observations were March, May, and April, 
respectively.  September and February are the months with the fewest missing observations.  
March, April, May, and June have nearly the same average number of missing observations at 
nearly 600 per month, while only about 425 observations are missing in September and 450 are 
missing in February (Figure 3.3).  In total, only 4.8 percent of observations for the whole study 
period are missing (Table 3.6).  June has the largest percentage (5.6), and September has the 
lowest (4.0), missing for all of the stations in the study.  Three stations (Bayou Plaquemine, 
Grosse Tete, and New Roads) had over 11 percent of the observations missing for at least one 
month.   
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Table 3.4  Percentage of total number of missing hourly ozone observations by year and BRNAZ 
station. 
 
Year BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total 
1993 4.0 51.8 3.8 3.9 3.3 4.1 4.9 4.6 3.6 4.0 3.7 8.3 
1994 5.5 8.2 3.7 5.1 5.2 6.1 7.4 6.5 4.6 7.4 4.6 5.8 
1995 5.7 4.6 5.3 4.6 9.3 4.6 5.2 4.6 4.1 4.7 6.1 5.3 
1996 3.9 5.9 4.7 4.1 2.6 4.0 4.7 4.2 4.8 3.7 4.4 4.3 
1997 3.7 4.3 4.7 4.9 3.7 4.8 4.7 4.7 4.3 4.7 4.9 4.5 
1998 6.9 4.0 7.5 5.5 4.1 4.4 3.9 5.3 7.5 3.5 10.7 5.8 
1999 3.7 5.0 4.2 13.3 2.3 13.8 27.9 3.8 3.5 3.6 3.4 7.7 
2000 2.6 4.8 4.4 5.9 2.0 6.7 3.6 2.3 3.4 2.6 4.0 3.8 
2001 3.2 2.0 4.5 5.6 2.4 2.9 2.0 3.3 3.5 3.4 3.3 3.3 
2002 2.7 2.1 1.9 5.3 4.9 3.0 4.7 1.7 3.4 4.2 3.2 3.4 
2003 1.9 5.5 2.7 2.6 10.4 3.8 4.9 2.8 7.6 2.0 4.5 4.4 
2004 2.1 2.2 2.9 4.5 6.3 6.4 11.0 3.6 5.6 2.2 4.1 4.6 
2005 2.1 4.5 2.4 6.4 5.9 3.1 2.8 2.9 13.9 2.3 7.2 4.9 
2006 1.8 1.4 2.0 4.7 3.2 1.9 3.9 2.4 5.2 1.6 3.1 2.8 
2007 1.8 2.2 1.8 3.6 3.6 2.2 3.3 1.8 3.0 2.2 3.8 2.6 
Total 3.4 7.2 3.8 5.3 4.6 4.8 6.3 3.7 5.2 3.5 4.7 4.8 
 
  
Table 3.5  Number of missing hourly ozone observations by month and by BRNAZ station. 
 
Month BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total 
JAN 366 1,078 502 622 342 436 522 404 665 397 364 5,698 
FEB 292 1,074 404 444 276 306 484 281 451 594 421 5,027 
MAR 457 1,273 389 619 660 920 406 668 364 468 371 6,595 
APR 427 1,100 592 605 737 821 401 339 655 402 468 6,547 
MAY 397 1,128 375 626 835 458 989 406 519 324 504 6,561 
JUN 305 1,216 477 583 534 507 1,227 402 503 312 538 6,604 
JUL 518 549 340 410 391 551 1,265 353 375 309 424 5,485 
AUG 296 444 389 538 552 602 616 426 511 373 615 5,362 
SEP 409 320 331 347 263 353 815 336 426 288 883 4,771 
OCT 326 427 387 938 444 432 467 472 411 362 452 5,118 
NOV 277 370 393 841 610 524 317 402 701 396 853 5,684 
DEC 443 521 380 444 417 391 799 311 1,251 349 343 5,649 
Total 4,513 9,500 4,959 7,017 6,061 6,301 8,308 4,800 6,832 4,574 6,236 69,101 
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Figure 3.3  Average number of missing hourly ozone observations by month for all BRNAZ 
stations. 
 
 
Table 3.6  Percentage of total missing hourly ozone observations by month and by BRNAZ 
station. 
 
Month BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total 
JAN 3.3 9.7 4.5 5.6 3.1 3.9 4.7 3.6 6.0 3.6 3.3 4.6 
FEB 2.9 10.6 4.0 4.4 2.7 3.0 4.8 2.8 4.4 5.9 4.1 4.5 
MAR 4.1 11.4 3.5 5.5 5.9 8.2 3.6 6.0 3.3 4.2 3.3 5.4 
APR 4.0 10.2 5.5 5.6 6.8 7.6 3.7 3.1 6.1 3.7 4.3 5.5 
MAY 3.6 10.1 3.4 5.6 7.5 4.1 8.9 3.6 4.7 2.9 4.5 5.3 
JUN 2.8 11.3 4.4 5.4 4.9 4.7 11.4 3.7 4.7 2.9 5.0 5.6 
JUL 4.6 4.9 3.0 3.7 3.5 4.9 11.3 3.2 3.4 2.8 3.8 4.5 
AUG 2.7 4.0 3.5 4.8 4.9 5.4 5.5 3.8 4.6 3.3 5.5 4.4 
SEP 3.8 3.0 3.1 3.2 2.4 3.3 7.5 3.1 3.9 2.7 8.2 4.0 
OCT 2.9 3.8 3.5 8.4 4.0 3.9 4.2 4.2 3.7 3.2 4.1 4.2 
NOV 2.6 3.4 3.6 7.8 5.6 4.9 2.9 3.7 6.5 3.7 7.9 4.8 
DEC 4.0 4.7 3.4 4.0 3.7 3.5 7.2 2.8 11.2 3.1 3.1 4.6 
Total 3.4 7.2 3.8 5.3 4.6 4.8 6.3 3.7 5.2 3.5 4.7 4.8 
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The number of observations missing by hour of the day shows great variability (Table 
3.7).  Some observations were affected differentially with time of day, by issues such as routine 
maintenance, equipment malfunction, and human error (V. Hayes 2008, personal 
communication).   In fact, in a 15-yr study on Houston area O3 concentrations, Smith (1989) 
found nearly 20 percent of the hourly readings used in his dataset were affected by issues related 
to the equipment being out of service.  A comparatively large number of missing observations 
are apparent between the 0100 and 0300 hours, with the number of missing observations across 
all stations totaling 17872, 9645, and 4200, respectively.  The fewest missing observations 
occurred during the evening hours, specifically 1126 at 2200.  Two peaks in the diurnal cycle of 
the average number of missing observations per station are apparent (Figure 3.4).  The first 
occurs between 0100 and 0300 with a maximum exceeding 1625 per station over the 15-yr study 
period.  The second maximum is centered around the 1000 hour with an average of 347 per 
station.  It is unclear whether the secondary maximum occurs due to circumstances outside of 
human influence, but it is likely this is an artifact of maintenance that is performed on the 
monitoring equipment during the average workday hours. 
Table 3.8 shows the largest percentage of missing observations occurs at 0100 with 29.7 
percent missing for the total number of observations possible for all sites most likely to routine 
maintenance and calibration mentioned earlier.  The second highest total exists at 0200 with 16.0 
percent missing.  Between 1700 and midnight, fewer than 2 percent of the observable times 
during this study were missing.  Baker had the least amount of missing observations with only 
3.4 percent missing, followed closely by Port Allen at 3.5 percent. 
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Table 3.7  Number of missing ozone observations by hour of the day and by BRNAZ station. 
 
Hour BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total 
00 53 347 50 115 156 112 191 40 119 67 123 1,373 
01 1,602 1,743 1,618 1,645 1,422 1,640 1,705 1,618 1,655 1,589 1,635 17,872 
02 781 975 919 1,090 149 968 922 791 1,313 781 956 9,645 
03 325 536 406 510 149 449 462 314 378 318 353 4,200 
04 45 248 42 123 144 112 195 46 120 37 102 1,214 
05 45 240 42 127 146 112 198 45 123 38 106 1,222 
06 52 255 52 141 191 124 212 56 127 43 113 1,366 
07 72 263 76 170 277 131 231 76 127 57 123 1,603 
08 187 328 165 248 405 205 291 168 197 131 215 2,540 
09 292 416 276 360 439 334 371 267 314 215 354 3,638 
10 274 447 276 434 370 366 411 263 371 249 357 3,818 
11 158 404 241 347 244 295 386 226 340 217 287 3,145 
12 130 403 187 285 244 218 355 201 280 191 228 2,722 
13 87 370 133 223 253 177 324 175 216 162 188 2,308 
14 70 317 100 175 212 145 266 108 162 123 141 1,819 
15 47 271 68 131 157 113 230 61 123 76 125 1,402 
16 37 259 46 119 146 101 197 44 108 49 114 1,220 
17 34 251 36 116 140 98 201 40 106 35 109 1,166 
18 37 244 36 111 137 96 195 42 106 35 107 1,146 
19 36 240 37 111 133 100 186 39 113 31 104 1,130 
20 37 239 39 112 137 103 200 45 110 33 102 1,157 
21 37 239 38 105 133 109 194 52 108 31 94 1,140 
22 37 232 38 109 137 99 190 44 107 33 100 1,126 
23 38 233 38 110 140 94 195 39 109 33 100 1,129 
Total 4,513 9,500 4,959 7,017 6,061 6,301 8,308 4,800 6,832 4,574 6,236 69,101 
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Figure 3.4  Average number of missing hourly ozone observations per BRNAZ station by hour 
during the 1993-2007 study period. 
 
 
3.4.2 Descriptive Statistics for 1-hr Ozone Concentrations 
As seen in Figure 3.5a, for the first eight years of the study period, the mean annual 1-hr 
O3 concentration was steadily increasing overall until 2000.  The following year saw a steep 
decline in the mean concentration.  A minimum was reached in 2002, followed by a steady 
increase for a short period of time.  In terms of monthly variation (Figure 3.5b), on average there  
is a bimodal pattern with the first peak in April and a secondary peak in September.  Regardless, 
there is a decrease on average through June and July.  This double peak is also found in an 8-yr 
study on O3 concentrations in the northeastern United States by Zheng et al. (2007) where they 
noticed a primary peak in May and a secondary peak, albeit considerably less, in August and 
September which became less noticeable in the later years.   This "saddle" in the annual cycle 
may be the result of convective activity with increased cloudiness and rainfall.  The northern 
Gulf region receives its maximum precipitation during the July – August time frame (Trewartha 
1981).  Wexler and Namias (1938) suggest this increased precipitation is likely the result of the 
warm, moist, southerly flow of Gulf air at the surface along with a deepened trough aloft.  The 
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"saddle" result is important because it dispels the common misconception that the peak summer 
months are the most dangerous for exposure to the effects of ozone.  
 
Table 3.8  Percentage of total missing hourly ozone observations by hour and by BRNAZ 
station. 
 
Hour BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Total 
00 1.0 6.3 0.9 2.1 2.8 2.0 3.5 0.7 2.2 1.2 2.2 2.3 
01 29.2 31.8 29.5 30.0 26.0 29.9 31.1 29.5 30.2 29.0 29.8 29.7 
02 14.3 17.8 16.8 19.9 2.7 17.7 16.8 14.4 24.0 14.3 17.5 16.0 
03 5.9 9.8 7.4 9.3 2.7 8.2 8.4 5.7 6.9 5.8 6.4 7.0 
04 0.8 4.5 0.8 2.2 2.6 2.0 3.6 0.8 2.2 0.7 1.9 2.0 
05 0.8 4.4 0.8 2.3 2.7 2.0 3.6 0.8 2.2 0.7 1.9 2.0 
06 0.9 4.7 0.9 2.6 3.5 2.3 3.9 1.0 2.3 0.8 2.1 2.3 
07 1.3 4.8 1.4 3.1 5.1 2.4 4.2 1.4 2.3 1.0 2.2 2.7 
08 3.4 6.0 3.0 4.5 7.4 3.7 5.3 3.1 3.6 2.4 3.9 4.2 
09 5.3 7.6 5.0 6.6 8.0 6.1 6.8 4.9 5.7 3.9 6.5 6.0 
10 5.0 8.2 5.0 7.9 6.8 6.7 7.5 4.8 6.8 4.5 6.5 6.3 
11 2.9 7.4 4.4 6.3 4.5 5.4 7.0 4.1 6.2 4.0 5.2 5.2 
12 2.4 7.4 3.4 5.2 4.5 4.0 6.5 3.7 5.1 3.5 4.2 4.5 
13 1.6 6.8 2.4 4.1 4.6 3.2 5.9 3.2 3.9 3.0 3.4 3.8 
14 1.3 5.8 1.8 3.2 3.9 2.6 4.9 2.0 3.0 2.2 2.6 3.0 
15 0.9 4.9 1.2 2.4 2.9 2.1 4.2 1.1 2.2 1.4 2.3 2.3 
16 0.7 4.7 0.8 2.2 2.7 1.8 3.6 0.8 2.0 0.9 2.1 2.0 
17 0.6 4.6 0.7 2.1 2.6 1.8 3.7 0.7 1.9 0.6 2.0 1.9 
18 0.7 4.5 0.7 2.0 2.5 1.8 3.6 0.8 1.9 0.6 2.0 1.9 
19 0.7 4.4 0.7 2.0 2.4 1.8 3.4 0.7 2.1 0.6 1.9 1.9 
20 0.7 4.4 0.7 2.0 2.5 1.9 3.7 0.8 2.0 0.6 1.9 1.9 
21 0.7 4.4 0.7 1.9 2.4 2.0 3.5 0.9 2.0 0.6 1.7 1.9 
22 0.7 4.2 0.7 2.0 2.5 1.8 3.5 0.8 2.0 0.6 1.8 1.9 
23 0.7 4.3 0.7 2.0 2.6 1.7 3.6 0.7 2.0 0.6 1.8 1.9 
Total 3.4 7.2 3.8 5.3 4.6 4.8 6.3 3.7 5.2 3.5 4.7 4.8 
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Figure 3.5  Mean 1-hr ozone concentration (ppb) for all BRNAZ stations: (a) annually, (b) 
monthly, (c) hourly. 
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Looking at the values from an hourly perspective (Figure 3.5c), a diurnal pattern is 
apparent with a minimum at 0500 LST and peak at 1400 LST of approximately 44 parts per 
billion (ppb).  This is similar to the pattern found by Aneja et al. (2000) in their climatology of 
diurnal trends of in O3 in urban North Carolina as well as Eder et al. (1994) in their automated 
classification approach to O3 dependence on meteorology. This pattern is expected due to the 
photo-sensitive nature of O3 development and the amount of solar insolation received. 
The maximum O3 concentrations observed at any site in the Baton Rouge nonattainment 
area in the annual, monthly, and hourly intervals are important because they represent the times 
when the federal standards are most likely to be violated. The first half of the study period 
exhibited alternating years with a higher mean hourly O3 concentration followed by a lower 
value (Figure 3.5a).  In 2000, this trend ceased as the mean value was higher than the previous 
year.  In 2001, an abrupt decline occurred followed by a slightly lower mean in 2002, the lowest 
for the entire study period (Figure 3.5a).  Although a minima mean hourly concentration was 
reached in 2002, the “minimum maximum” hourly O3 concentration occurred in 2001.  The third 
highest maximum hourly concentration was experienced in 2002 (Figure 3.6a).  A maximum of 
174 ppb occurred in 2003 and a "minimum annual maximum" of 125 ppb happened in 2001.  
The highest maximum amount was during July and the lowest maximum value occurred in 
February (Figure 3.6b).  This value however is a single value whereas previously it was  
mentioned that the mean hourly concentration dipped slightly in the summer months relative to 
the spring and late summer peaks and there is more variability during this time frame as seen in 
Figure 3.7b.  In the hourly cycle, the minimum amount remains relatively unchanged from 2000 
until 0700, with the maximum occurring during the 1400 hour (Figure 3.6c). 
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Figure 3.7a shows that the amount of variability, as indicated by the standard deviation of 
1-hr O3 concentrations, is greatest in 2000. In that year the standard deviation was about 20 
percent greater than in 2002, the year with the lowest standard deviation of 1-hr totals.  
Beginning in January the variability steadily increases until it levels off through the summer 
followed by a steady decrease into the fall and winter as the mean values decrease (Figure 3.7b).   
In the diurnal cycle, the amount of variability is greatest typically during the daylight hours 
(Figure 3.7c), when great variability in cloud cover and incident solar radiation occurs.  
Nocturnal values exhibit much less variability, with a minima occurring at 0600. 
 
3.4.3 Daily Maximum Hourly Ozone Concentrations 
Assessing the O3 concentrations from a daily maximum point of view provides some 
additional insight.  For this part of the analysis, the daily maximum is determined by recording 
the maximum hourly O3 concentration among all stations for each day throughout the study 
period. 
From an annual perspective, the maximum value for each year was usually over 140 ppb 
(Figure 3.8a).  The first half of the study period experienced alternating periods of 3 years with 
increasing concentrations.  In the last half of the study period, the daily maximum O3 
concentration seems to have steadily declined while maintaining a similar maximum for two 
years at a time.  
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Figure 3.6  Maximum 1-hr ozone concentration (ppb) at any BRNAZ station: (a) annually, (b) 
monthly, (c) hourly. 
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Figure 3.7  Standard deviation of 1-hr ozone concentration for all BRNAZ stations: (a) annually, 
(b) monthly, (c) hourly. 
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Figure 3.8  Maximum daily hourly ozone concentration (ppb) at any BRNAZ station: (a) 
annually, (b) monthly. 
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Table 3.9  Maximum daily hourly ozone observation (ppb) at any BRNAZ station by year and 
month. 
 
YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
1993 96 84 93 102 111 117 113 142 121 122 76 72 
1994 64 74 90 98 119 107 112 156 139 114 69 60 
1995 61 76 91 97 132 167 154 134 148 95 65 60 
1996 65 72 85 95 123 122 143 138 132 83 66 64 
1997 79 64 91 89 123 103 148 127 136 126 65 73 
1998 57 75 73 102 137 120 116 157 138 131 63 55 
1999 69 78 78 103 121 114 120 143 116 104 88 61 
2000 80 78 99 106 136 119 139 157 121 95 99 76 
2001 71 78 112 88 105 101 125 118 114 114 97 66 
2002 56 70 74 85 107 113 107 131 164 76 59 56 
2003 59 72 92 129 123 117 174 144 130 139 81 89 
2004 71 67 142 100 107 108 118 141 149 149 72 63 
2005 59 71 82 94 127 117 146 135 149 129 83 72 
2006 67 63 88 111 94 133 125 129 111 108 97 59 
2007 64 86 94 122 112 135 117 126 115 89 93 74 
 
Figure 3.9 presents the maximum daily hourly O3 concentration by meteorological 
season.  Meteorological seasons are separated as follows: winter (December, January, February 
(DJF)), spring (March, April, May (MAM)), summer (June, July, August (JJA)), and autumn 
(September, October, November (SON)) (Trenberth 1983).  The variation in the maximum 1-hr 
O3 concentration does not follow a typical climatic seasonal pattern.  Instead, the "ozone 
seasons" in Baton Rouge seem to follow more of a NDJ, FMA, MJJ, and ASO pattern. 
Figure 3.9a shows that December and January appear to follow a similar cyclical pattern 
throughout most of the study period despite being ten months apart in the calendar year.  
However, values in January spiked nearly 50 percent higher than December in 1993, and 
December had a sharp increase over January in 2003. 
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Figure 3.9  Maximum daily hourly ozone concentration (ppb) at any BRNAZ station by 
meteorological season: (a) winter; (b) spring; (c) summer, (d) autumn. 
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Figure 3.9 (cont.) 
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In the spring months (Figure 3.9b), March and April have a similar profile with increased 
maxima in 1998 and 1999.  Throughout most of the study period, May has higher maxima 
compared to March and April.  However in 2003 and 2004, May maxima were near the maxima 
experienced in the other months of the season. 
For the summer, June 1995 appears to be markedly higher compared to June for other 
years (Figure 3.9c).  July 2003 is the month that had the highest maximum daily hourly O3 
concentration among all periods.  August remains approximately between 120 and 160 ppb 
throughout the study period, with a minima occurring in 2001. 
Figure 3.9d shows the maximum daily hourly O3 concentration pattern for the autumn 
months.  Although September and October remain similar throughout the study period, there was 
a definitive decrease of the maximum value in 1995 and 1996 for October.  Also, in 2002 when 
October and November experienced a decrease in the maximum value, September experienced 
an increase of nearly 50 percent. 
Clearly from the hourly evolution of O3 development throughout the year, (Figure 3.10) it 
is obvious there are patterns or cycles experienced.   Consistent missing values in the beginning 
of most rows are related to the maintenance and calibration mentioned earlier.  Secondly, the 
diurnal variation is easily seen as low concentrations are present in the early morning / overnight 
hours and then maximum values occur primarily in the afternoon periods.  In 1998 (Figure 3.10, 
top), there is a noticeable decline in hourly O3 concentrations during June.  This is marked also 
by the spring and late summer peaks as mentioned earlier.  Although this pattern is strong in 
1998, it is not as evident in 2001 when overall maximum values were lower (Figure 3.10, 
bottom).  However, higher values seem to persist much longer into November.  Hourly ozone 
concentration profiles for all years in the study can be found in Appendix A. 
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Figure 3.10  Hourly ozone concentration (ppb) for all BRNAZ stations in a given year: (top) 
1998, (bottom) 2001.  Hours are between 00 and 23 for each station. 
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3.4.4 Temporal Characteristics of Maximum Daily 8-hr Ozone Concentrations 
Analysis of daily 8-hr O3 totals is important because of its overlap with EPA's method of 
determining exceedances.  Like the 1-hr O3 concentration values where there were a large 
number of missing values in the early morning hours of 0100 until 0300, a large percentage of 
the 8-hr average values are missing values for 0000 until 0200 as well as from 1800 until 2300.  
It is evident from Figure 3.11 that between the hours of 1800 and 0100 nearly 30 percent of 
observations are missing.  However, the number of missing observations decreases as daylight 
hours approach.  For the 8-hr periods beginning between 1300 and 1700, less than 5 percent of 
the possible values are missing.  This feature reflects the methodology of how the values are 
derived, as up to two missing hours can occur while still allowing for a valid 8-hr O3 
concentration value.  As seen in Table 3.10, the maximum number of 8-hr values missing, by 
hour of the day, for any given station is found at Bayou Plaquemine at 0100 with 1849 values 
missing.  The fewest missing observations for any 8-hr window were for Baker at 1600 (46). 
Throughout the fifteen-year study period, the maximum (at any site) annual 8-hr O3 
concentration values range between 103 and 126 ppb (Figure 3.12).  The smallest value in that 
range, 103 ppb, occurred in 2006 with the largest, 126 ppb, happening in 1998.  The values seem 
to increase steadily overall between 1993 and 1998.  After that period the values began to 
decline, with a minimum period occurring between 2001 and 2002.  Bayou Plaquemine had the 
smallest maximum value over the entire time series (104 ppb), and Dutchtown had the largest 
(126 ppb), followed closely by Baker with 125 ppb (Table 3.11). 
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Figure 3.11  Average number of missing 8-hr ozone observations by hour of day, for all BRNAZ 
stations: (a) total, (b) percentage of total. 
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Table 3.10  Number of missing 8-hr ozone observations by hour of the day beginning the 8-hr 
period, by BRNAZ station. 
 
Hour BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Max 
00 1,639 1,797 1,650 1,717 1,603 1,685 1,761 1,648 1,684 1,622 1,687 1,797 
01 1,712 1,849 1,715 1,790 1,742 1,731 1,793 1,708 1,735 1,675 1,759 1,849 
02 1,059 1,217 1,174 1,404 728 1,229 1,157 1,026 1,514 994 1,251 1,514 
03 744 875 819 1,009 834 866 831 699 750 654 799 1,009 
04 495 642 523 670 861 591 631 498 574 431 613 861 
05 527 697 580 705 911 625 685 555 617 489 648 911 
06 548 747 612 725 974 651 730 608 650 529 684 974 
07 558 757 628 738 995 657 752 624 661 555 696 995 
08 558 761 625 727 935 655 756 615 661 562 698 935 
09 512 744 585 704 779 627 728 578 639 537 684 779 
10 390 681 478 627 606 542 669 488 566 472 574 681 
11 257 591 378 492 455 414 582 384 458 389 455 591 
12 185 528 268 382 392 300 494 297 357 303 362 528 
13 118 445 180 293 343 233 417 217 260 224 288 445 
14 83 372 120 218 269 192 335 137 190 157 221 372 
15 56 316 79 166 216 148 285 87 145 96 190 316 
16 46 289 54 149 206 133 257 66 132 67 172 289 
17 60 384 54 149 214 141 252 60 142 85 182 384 
18 1,610 1,762 1,624 1,671 1,475 1,659 1,745 1,634 1,671 1,602 1,679 1,762 
19 1,613 1,762 1,626 1,673 1,477 1,662 1,741 1,634 1,677 1,604 1,674 1,762 
20 1,613 1,779 1,627 1,674 1,478 1,665 1,747 1,634 1,676 1,603 1,671 1,779 
21 1,616 1,782 1,628 1,674 1,477 1,673 1,744 1,635 1,678 1,605 1,667 1,782 
22 1,618 1,781 1,627 1,685 1,479 1,670 1,746 1,629 1,682 1,608 1,672 1,781 
23 1,624 1,790 1,630 1,696 1,520 1,676 1,754 1,633 1,685 1,612 1,674 1,790 
Max 1,712 1,849 1,715 1,790 1,742 1,731 1,793 1,708 1,735 1,675 1,759 1,849 
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Figure 3.12  Maximum daily 8-hr ozone concentration (ppb) at any BRNAZ station by year. 
 
Table 3.11  Maximum daily 8-hr ozone concentration (ppb) in the BRNAZ by year and station. 
 
Year BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Max Average 
1993 109 95 104 94 108 94 92 82 94 91 104 109 97 
1994 95 89 109 107 103 100 90 105 84 94 88 109 97 
1995 113 100 114 109 95 94 100 120 95 94 114 120 104 
1996 96 95 111 120 93 93 96 104 87 101 94 120 99 
1997 111 93 108 115 95 97 106 107 98 98 91 115 102 
1998 125 104 110 106 126 100 98 115 79 110 108 126 107 
1999 116 100 110 104 100 95 117 105 105 108 102 117 106 
2000 115 97 110 100 107 117 106 121 94 114 104 121 108 
2001 87 98 95 89 80 86 89 90 85 105 85 105 90 
2002 92 93 103 78 85 87 78 106 84 83 91 106 89 
2003 113 91 114 105 88 98 92 119 109 109 96 119 103 
2004 95 81 87 96 86 83 86 110 82 85 93 110 89 
2005 97 83 89 105 93 88 100 101 106 97 102 106 96 
2006 101 91 95 94 93 94 91 97 103 100 95 103 96 
2007 79 96 84 98 103 87 90 107 87 80 84 107 90 
Max 125 104 114 120 126 117 117 121 109 114 114 126  
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The derived 8-hr values exhibited a "bell curve" not only in terms of average maximum 
8-hr concentrations (Figure 3.13a) but also for raw maximum values temporally by month 
(Figure 3.13b).  The maximum 8-hr concentration occurred in August (126 ppb), whereas the 
lowest maximum occurred in December (61 ppb) (Figure 3.13b). This result mirrors the 
previously-mentioned maxima period in the summer months and a minima in the winter months.  
Table 3.12 reveals that Dutchtown experienced the "maximum-maximum" daily 8-hr O3 average 
(during the month of August).  Meanwhile the "minimum-maximum" daily 8-hr O3 average 
occurred during December at Bayou Plaquemine. 
A strong diurnal signal can be seen in Figure 3.14a as the average maximum 8-hr O3 
concentrations occur at the 8-hr period commencing at 1000 local time.  Therefore, 1000 is the 
hour that covers the period from 1000 until 1800, which is the time period when the maximum 
insolation typically occurs.  The average remains fairly consistently low during the evening and 
overnight hours (Figure 3.14a).  The "maximum maximum" daily 8-hr average has a similar 
normal distribution (Figure 3.14b) with a maximum recorded at Dutchtown for 1000 to 1800 
hours and the minimum was for the 0200 to 1000 period (Table 3.13).  
Not surprisingly, summer has the maximum overall 8-hr concentration among the seasons 
(126 ppb) and the lowest maximum value among the seasons is in winter (84 ppb; Figure 3.15).   
For all stations, the maximum daily 8-hr O3 averages were well below 100 ppb throughout winter 
(Table 3.14). Whereas the seasonal maximum varies by nearly 30 ppb across stations in winter 
and summer, in spring it differs by only 13 ppb.  In winter the values reported between New   
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Figure 3.13  Daily 8-hr ozone concentration (ppb) in the BRNAZ by month (a) Average 
maximum at all BRNAZ stations. (b) Maximum daily value at all stations in any year. 
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Table 3.12  Maximum daily 8-hr ozone concentration (ppb) by BRNAZ station and month. 
Month BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Max Average 
JAN 56 59 48 58 69 67 62 50 84 48 58 84 60 
FEB 65 69 56 61 66 75 72 64 70 65 69 75 67 
MAR 85 80 72 81 84 85 75 79 83 75 87 87 81 
APR 92 89 84 98 89 86 90 93 97 85 92 98 90 
MAY 106 104 110 109 97 101 100 110 106 100 108 110 105 
JUN 97 99 114 98 103 98 99 120 103 100 104 120 103 
JUL 106 98 114 120 99 105 106 119 96 101 102 120 106 
AUG 125 96 110 107 126 117 117 121 105 114 93 126 112 
SEP 113 93 109 106 95 103 106 110 95 98 114 114 104 
OCT 113 89 93 105 88 87 101 107 109 109 96 113 100 
NOV 73 72 65 70 74 70 66 70 71 69 68 74 70 
DEC 58 61 46 55 53 56 56 52 59 46 59 61 55 
Max 125 104 114 120 126 117 117 121 109 114 114 126  
 
 
 
Roads and Capitol are the most different (Figure 3.16a).  In the spring, Dutchtown had the lowest 
whereas Capitol and LSU shared the maximum (Figure 3.16b).  Bayou Plaquemine had the 
lowest in the summertime and Dutchtown had the highest, with Baker a close second (Figure 
13.6c).  In autumn, the greatest difference occurred between Pride and Bayou Plaquemine 
(Figure 3.16d).  Bayou Plaquemine appears to have a much lower maximum daily value than 
other stations in the summer and fall, but its maximum values are similar to or higher than most  
stations in the winter and spring.  Despite Dutchtown having the least maximum values among 
stations in the spring and fall, it appears to have maximum values in the top one-third of all 
stations in winter and summer.  The reason for this discrepancy is unclear. 
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Figure 3.14  Diurnal 8-hr ozone concentration (ppb) in the BRNAZ by hour beginning the 8-hr 
period: (a) Average maximum at all stations. (b) Maximum value in any year at any station. 
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Table 3.13  Maximum 8-hr ozone concentration (ppb) beginning on each hour of the day by 
BRNAZ station. 
 
Hour BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Max Average 
00 51 53 51 64 51 50 47 69 55 47 55 69 54 
01 51 51 53 61 50 51 48 69 59 50 53 69 54 
02 53 50 56 58 49 52 49 67 66 53 52 67 55 
03 59 53 60 62 54 54 51 62 74 57 52 74 58 
04 63 59 64 66 61 61 54 62 82 64 57 82 63 
05 80 68 71 70 72 72 61 68 83 76 63 83 71 
06 96 80 85 82 84 83 78 81 84 87 78 96 83 
07 108 89 98 92 99 94 96 94 86 93 91 108 95 
08 113 97 107 102 112 102 109 107 100 102 101 113 105 
09 124 103 112 113 123 108 115 118 109 108 106 124 113 
10 125 104 114 120 126 117 117 120 109 110 112 126 116 
11 116 100 114 120 120 116 110 121 106 114 114 121 114 
12 115 95 112 115 108 108 97 118 104 112 111 118 109 
13 110 90 104 104 98 96 91 111 99 105 106 111 101 
14 103 84 93 94 88 91 84 99 91 94 97 103 93 
15 93 78 82 87 80 83 74 85 83 81 85 93 83 
16 81 72 71 78 71 75 71 78 74 70 76 81 74 
17 71 68 64 75 67 68 68 72 70 67 71 75 69 
18 63 63 60 73 65 58 64 69 66 63 65 73 64 
19 62 59 60 72 64 54 61 69 64 58 63 72 62 
20 61 58 58 69 62 52 58 69 63 55 61 69 61 
21 58 55 55 70 59 51 54 69 62 52 59 70 59 
22 55 52 52 68 56 51 50 69 59 49 58 69 56 
23 53 53 51 66 53 50 47 69 57 48 57 69 55 
Max 125 104 114 120 126 117 117 121 109 114 114 126  
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Figure 3.15  Maximum daily 8-hr ozone concentration (ppb) by season and for any BRNAZ 
station. 
 
Table 3.14  Maximum daily 8-hr ozone concentration (ppb) by season, winter (DJF), spring 
(MAM), summer (JJA), autumn (SON), and by BRNAZ station. 
 
Season BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI Max Average 
DJF 65 69 56 61 69 75 72 64 84 65 69 84 68.1 
MAM 106 104 110 109 97 101 100 110 106 100 108 110 104.6 
JJA 125 99 114 120 126 117 117 121 105 114 104 126 114.7 
SON 113 93 109 106 95 103 106 110 109 109 114 114 106.1 
Max 125 104 114 120 126 117 117 121 109 114 114 126  
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Figure 3.16  Maximum daily 8-hr ozone concentration (ppb) for each BRNAZ station, by season 
(a) DJF, (b) MAM, (c) JJA, and (d) SON.  
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Figure 3.16 (cont.)   
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3.4.5 NAAQS Exceedance Trends 
Figure 3.17 shows that when 125 ppb was the standard for 1-hr O3 concentrations, most 
years had on average two to four months of the year in which the daily maximum 1-hr O3 
concentration exceeded the NAAQS standard in that month.  With the newer 75 ppb standard, 
the maximum daily 8-hr O3 concentration is usually exceeded in any/all of six months or more of 
the year (Figure 3.18).  This suggests that the Baton Rouge metropolitan area is likely to 
continue to have difficulty reaching attainment. 
Maximum daily 1-hr O3 concentrations have decreased by approximately 10 ppb across 
most months over the 15-year study period, and the annual minimum daily maximum values 
have increased similarly by about 10 ppb across most months as well (Figure 3.19).  Like the 1-
hr values, the annual maximum monthly maximum of the peak daily 8-hr O3 concentrations have 
a decreasing trend of about 10 ppb in over years.  However, the annual minimum values have a 
slightly increasing trend of half as much, nearly 5 ppb, over the same period of time (Figure 
3.20). 
 
 
Figure 3.17  Maximum 1-hr ozone concentration (ppb) at any BRNAZ station by month, with 
125 ppb 1-hr standard shown by the horizontal dashed line.  
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Figure 3.18  Maximum daily 8-hr ozone concentration (ppb) at any BRNAZ station by month 
with 75 ppb 8-hr standard shown by the horizontal dashed line. 
 
 
Figure 3.19  Annual maximum (top) / minimum (bottom) monthly maximum of daily 1-hr ozone 
concentration (ppb) for any BRNAZ station by year.  
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Figure 3.20  Annual maximum (top) / minimum (bottom) monthly maximum of daily peak 8-hr 
ozone concentration (ppb) for any BRNAZ station by year. 
 
Using the threshold values discussed in section 2.6 (125, 85, and 75 ppb), a sharp 
increase in the number of exceedances per year occurs under stricter standards (Figure 3.21).  
The total number of exceedances per level was 78, 312, and 591 for 125, 85, and 75 ppb, 
respectively.  In most years, four times as many exceedances occur for a 85 ppb threshold than 
for a 125 ppb threshold.  The increase in exceedances from 125 ppb to 75 ppb is approximately 
nine-fold.  These potential changes in exceedance frequency could have strong implications on 
policy. 
As the EPA tightens the tropospheric O3 standard, the number of O3 exceedance events 
begin to multiply as noted by Bell and Ellis (2003).  In several months, the number of O3 
exceedance events in the BRNAZ under an 85 ppb threshold is approximately three to four times 
higher than under a 125 ppb threshold, while in spring, the number of 85 ppb vs. 125 ppb 
exceedances is between 10 and 15 times larger (Figure 3.22).  From July until October, the 75 
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ppb 8-hr standard results in almost five times as many exceedances on average compared to the 
1-hr standard.  Between March and June, that comparison is between nearly 15 and almost 50 
times as high.  However, there are only one and a half to two times as many 75 ppb 8-hr 
exceedances versus 85 ppb 8-hr exceedances for most months, whereas March and April are 
closer to three times.  Although only the months of March through October are shown in the 
figure, one exceedance at the 75 ppb level occurred in January. 
 
 
Figure 3.21  Annual ozone exceedance frequency for the BRNAZ at different standards (125 
ppb, 1-hr; 85 ppb, 8-hr; 75 ppb, 8-hr) by year. 
 
During meteorological summer and autumn there are approximately six times as many 
exceedances at the 75 ppb level compared to the 125 ppb 1-hr standard, meanwhile the 85 ppb 
level produced approximately three times as many as the 125 ppb 1-hr standard (Figure 3.23).  
However, in spring, the 85 ppb and 75 ppb standards would produce 10 and 22 times more 
exceedances than the 125 ppb 1-hr standard, respectively.  Once again, there would have been 
one exceedance at the 75 ppb level in the winter months.  For all seasons shown, the 75 ppb 8-hr 
threshold results in nearly twice as many exceedances as the 85 ppb 8-hr threshold.  
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Figure 3.22  Monthly ozone exceedance frequency for the BRNAZ at different standards (125 
ppb, 1-hr; 85 ppb, 8-hr; 75 ppb, 8-hr) by year. 
 
 
 
 
Figure 3.23  Seasonal ozone exceedance frequency for the BRNAZ at different standards (125 
ppb, 1-hr; 85 ppb, 8-hr; 75 ppb, 8-hr) by year. 
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It appears that the day of week does not produce largely different relationships between 
threshold and exceedance frequency (Figure 3.24).  The minimum number of exceedances occurs 
on Sunday.  Then as the day of the week progresses, the number of exceedances increases until it  
reaches a maximum on Friday and begins to decrease again on Saturday.  Based on the day of 
the week, the 85 ppb standard threshold is likely to produce 3.5 times more exceedance cases 
than the 125 ppb 1-hr standard from Tuesday through Saturday, and between six to eight times as 
many on Sunday and Monday.  The 75 ppb threshold would have produced on average 7 times 
more cases than the 125 ppb standard from Tuesday through Saturday and approximately 12 to 
14 times as many on Sunday and Monday.  On average, the 75 ppb 8-hr standard would have 
produced nearly twice as many exceedances as the 85 ppb level on any given day of the week. 
 
 
 
Figure 3.24  Ozone exceedance frequency by day of the week, for the BRNAZ at different 
standards (125 ppb, 1-hr; 85 ppb, 8-hr; 75 ppb, 8-hr) by year.  
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Figure 3.25 provides a representation of the number of 8-hr O3 exceedances by month, at 
the75 ppb threshold, throughout the 15-yr study period.  As was the case for the 1-hr analysis, 
many years show a double peak in exceedances.  Usually the first peak occurs in May followed 
by a decrease in cases during June and July.  Afterwards, the second peak is typically 
experienced in late August or September.  It is interesting to note that this latter period of time is 
a transitional period as the study region changes from a highly convective and precipitous 
summer time environment into a drier, calmer autumnal period.   In 2005 and 2006, the pattern is 
slightly different, with a noticeably higher peak in the first half of the year, with a relatively 
smaller secondary peak later. 
 
 
Figure 3.25  Monthly ozone exceedance events for the BRNAZ at the 75 ppb 8-hr standard by 
year. 
 
 
3.5 Chapter Summary 
One of the important factors in determining how to regulate and prevent air pollution is to 
know the history as well as current pollutant concentration observations.  In this study, 15 years 
of data from 1993 until 2007 were analyzed to present a climatology of tropospheric O3 affecting 
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the Baton Rouge metropolitan area.  Hourly data from 11 ambient air quality monitoring stations 
throughout the BRNAZ were evaluated. 
Information from the hourly concentrations of O3 provides some useful insight.  It is 
plain to see an obvious diurnal pattern in O3 concentrations as expected due to influences from 
insolation with maximum concentrations found during mid-day and minima found during early 
morning hours.  Hourly observations show inter-annual variability as well with a double peak in 
April – May and a secondary peak during September with a dip in the summer months attributed 
to increased convective activity along the northern Gulf region.  Additionally, evidence of 
cyclical behavior was evident in terms of annual variability of maximum hourly O3 
concentration. 
Like hourly O3 concentrations, 8-hr O3 average concentrations help to provide more 
information regarding the nature of O3 development.  As it is argued, the 8-hr average is intended 
to be a better approximation of the exposure of humans and the environment.  Throughout the 
year, December has the lowest average daily maximum 8-hr concentration whereas the warmer 
months of May through September have similar higher values with August being the highest.  
Interestingly, the Capitol monitoring station has the lowest maximum daily 8-hr concentration in 
the winter, but in the spring it has the highest.  Likewise, the Dutchtown station goes from the 
highest summer to one of the lowest in autumn.  Pride is just the opposite of Dutchtown, going 
from one of the lowest in summer to the highest in autumn.  Further investigation would be 
required to fully understand what may be the leading factors behind these differences. 
As the EPA considers its next round of modifications to the current NAAQS for ground-
level O3, it is likely that more exceedances will result from a change in legislation.  Also, it is 
likely that a tightening of the standard will also bring more areas into nonattainment status.  This 
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alone will result in regulatory action as well as concerted efforts by industry, government, and 
the citizens of the Baton Rouge metropolitan area to reduce emissions, limit activity, and change 
behaviors that support the development of tropospheric ozone.  With the former 125 ppb 1-hr 
standard, the BRNAZ had an exceedance as infrequently as once or twice, restricted to a period 
within a couple of months of the year.  Sometimes exceedances were even less frequent, such as 
in 2001.  Now, with the current standard, exceedances happen several times a year in multiple 
months and would have done so throughout the study period as well.  The current 75 ppb 8-hr 
standard already has seen two to three times as many exceedances compared to the older 85 ppb 
8-hr standard.  Also, the current standard has resulted in an exceedance occurring in January 
when normally March through October were the primary months of concern.  Now, the full 
calendar year may be prone to nonattainment episodes.  The next chapter will describe the 
synoptic settings in which high-tropospheric O3 events occur. 
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CHAPTER 4:  SYNOPTIC ANALYSIS OF HIGH TROPOSPHERIC OZONE 
CONCENTRATIONS IN THE BATON ROUGE NONATTAINMENT ZONE 
 
To better understand the general synoptic conditions contributing to development of 
excessive tropospheric O3 concentrations in the Baton Rouge nonattainment zone (BRNAZ), an-
environment-to-circulation approach to synoptic climatological analysis (Yarnal 1993) is 
conducted.  Specifically, the 700 hPa geopotential height fields on days in which any station in 
the BRNAZ exceeded a pre-determined threshold (> 70 ppb) were input into principal 
components analysis (PCA).  The retained components were then rotated orthogonally to identify 
the major modes of variability in 700 hPa heights on high O3 days.  K-means cluster analysis was 
then performed to identify days that are most similar to each other synoptically, and compositing 
was used to reveal the mean 700 hPa height field for each of the resulting clusters.  This 
methodology provides a breakdown of the types of synoptic patterns that result in excessive 
surface O3 concentrations in the BRNAZ.  Statistical tests were then implemented to determine 
the uniqueness of the findings.   
 
4.1 Review of Literature 
The relationship between the intensity of incoming solar radiation and the ambient O3 
concentration appears to be a fundamental precursor to O3 formation.  For instance, in sunny 
weather with clear skies, photochemical reactions are occurring at accelerated rates which in turn 
enhance the O3 production resulting from the combinations of sunlight, volatile organic 
compounds (VOCs), and NOx in the atmosphere (Coyle 2002).  A typical diurnal pattern in O3 
concentrations mimics the diurnal march of solar loadings.  Elevated O3 concentrations typically 
occur in the afternoon and early evening hours, followed by a decline with minima in the early 
morning.  As the morning progresses, the levels rise moderately until maximum values are 
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reached in early afternoon only to be followed by declining values again in the late afternoon 
(Peña et al. 2000).  Additionally, Ramanathan et al. (1987) found a significant association 
between changes in temperature at the earth’s surface and changes in O3 in the troposphere. 
Several studies have identified the synoptic weather patterns associated with O3 
formation and distribution.  Comrie (1996) established a set of synoptic patterns and their overall 
“pollution footprint” for O3, with spatial patterns existing due to the structure of the synoptic 
conditions.  Other researchers have identified high O3 concentrations under high pressure 
patterns due to the increased amount of sunlight, clearer weather conditions, and increased 
temperatures (Comrie and Yarnal 1992; Eder et al. 1994).  Data even suggest for areas like 
Tucson, Arizona, the O3 concentration measured may not have been formed locally, but was 
largely transported to the region from areas such as southern California or even parts of northern 
Mexico (Diem and Comrie 2001). 
Classification of synoptic-scale circulation patterns is utilized by researchers to assess the 
association between atmospheric circulation and surface pollution concentrations.  These 
classifications can either be performed manually or by automated means with varying degrees of 
subjectivity and/or objectivity.  A manual classification of 500 hPa geopotential height fields for 
the summer between 2000-2007 in the Atlanta, Georgia, metropolitan area resulted in 12 
synoptic types, with three (continental anticyclone, east of anticyclone, and west of trough) most 
closely associated with high O3 concentrations (Diem et al. 2010).  Another manual classification 
subjectively categorized 10 years of daily surface weather maps into nine synoptic circulation 
types (Comrie and Yarnal 1992).  Results suggested that episodes of high O3 in the Pittsburgh, 
Pennsylvania area existed on the western side of a slowly moving anticyclone or resulted from 
stagnation of a high-pressure ridge (Comrie and Yarnal 1992). 
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An automated approach was undertaken by Eder et al. (1994), who utilized a two-stage 
clustering technique along with PCA-based stepwise regression analysis to assess the association 
of O3 with atmospheric circulation.  Using a similar rotated PCA, Lehman et al. (2004) analyzed 
daily 8-hr maximum O3 concentrations within the eastern United States.  In a study assessing the 
influence of stratospheric intrusions on the level of surface O3 concentrations in the Grand 
Canyon area, Diem (2004) used P-mode PCA using variables such as mean temperature, daily 
temperature range, mean relative humidity, mean sea-level pressure, and mean wind speed.  
Results from Diem (2004) PCA were utilized in a two-step clustering procedure, with the 
number of clusters determined hierarchically followed by k-means to determine the actual cluster 
for each day.  The belief behind using a two-stage approach is to minimize the negative aspects 
of each technique (Huth et al. 2008).  An environment-to-circulation approach was then used 
incorporating 700 hPa geopotential height fields to assess the differences in circulation patterns 
on high O3 days (Diem 2004).  The “temporal synoptic index” (TSI), which is a combined use of 
PCA on a correlation matrix with unrotated components along with an average linkage 
hierarchical clustering algorithm, was utilized to identify the relationship between circulation and 
O3 for four cities across the U.S. (Greene et al. 1999).  The use of correlation patterns appear in 
another study (Hegarty et al. 2007) on the relationship between surface O3 concentrations and 
synoptic-scale circulation patterns, resulting in five reoccurring circulation patterns.  
The relationship between atmospheric circulation and surface O3 concentration is 
associated with several geographical factors.  Even as early as 1950s, it was noted (Haagen-Smit 
1950) that the geographic location with mountains on one side and the Pacific Ocean on another 
as well as a large populous of Los Angeles, California, had exacerbated the air pollution within 
the region.  Rohli et al. (2004) found low-tropospheric ridging along with weak pressure 
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gradients and subsidence from the lower troposphere to be factors related to anomalously high 
ozone.  “Sunny, sultry, and stagnant” are typical conditions with episodes of elevated O3 
(Hubbard and Cobourn 1998).   Additionally, higher surface temperatures were associated with 
O3 when the area was situated on the backside of a slow-moving anticyclone (Hubbard and 
Cobourn 1998). Other noteworthy associations were the reducing effects on O3 development by 
precipitation and increased cloud cover (Hubbard and Cobourn 1998).   
The concept of transport of air pollutants via synoptic-scale circulation is an idea that has 
been studied with interest.  In the northeastern U.S., photochemical pollution was noted to have 
been transported over 300 km from New York City into the state of Massachusetts (Cleveland 
and Graedel 1979). The transport of industrialized pollutants from the Midwest was found to be 
the contributor to pollutant concentrations in rural Virginia (Moy et al. 1994). 
  
4.2 Data and Methodology 
4.2.1 Background Information 
An environment-to-circulation approach (Yarnal 1993) in synoptic climatology has two 
primary components.  The first consists of classifying the synoptic circulation on events (days, 
months, etc.) that meet a pre-determined criterion.  In this study, the criterion is the days between 
1993 and 2007 on which at least one monitoring station in the BRNAZ experienced a surface O3 
concentration over 70 ppb.  On these days, the environment-to-circulation approach analyzes the 
modes of circulation variability depicted by the 700 hPa geopotential height fields from 20⁰N to 
60⁰N and from 160⁰W and 50⁰W.  The second component of any environment-to-circulation 
technique determines how the various categories of circulation identified in the classification 
procedure are connected to the region’s particular surface variable(s) – tropospheric O3 in the 
BRNAZ, in this case.   
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4.2.2 Elevated Ozone Episode Selection 
The selection of cases is based upon the daily maximum 8-hr O3 concentrations for the 
BRNAZ.  Specifically, the maximum value recorded at any of the 11 stations on a given day 
between 1 January 1993 and 31 December 2007 was identified.  From this collection, all dates 
with a maximum value greater than one standard deviation above the mean for the daily fifteen-
year data set are retained for further analysis. 
 For the 5478 days in the study period, the average maximum daily 8-hr O3 concentration 
was found to be 50.2 ppb, with a standard deviation of 18.6.  For convenience, this value (mean 
+ 1 standard deviation) was rounded up to 70 ppb.  This value resulted in a total of 799 days, or 
14.6 percent of the number of days in the study period, selected for further analysis (Figure 4.1).  
Of the 799 days selected, 591 of the cases have concentrations exceeding 75 ppb, which is the 
current 8-hr National Ambient Air Quality Standard (NAAQS) requirement for O3 emissions, 
and 277 of the cases have concentrations that exceed the former 8-hr standard of 85 ppb (Figure 
4.1).   
Figure 4.2 shows that between 1993 and 1998, the number of days exceeding 70 ppb 
varied in magnitude from year to year.  The 2000 peak of 79 days was followed by a sharp 
decrease to 36 days in 2001.  In 2002, the fewest number of days exceeding 70 ppb for a given 
year happened, with only 26.  Later, the number increased to another peak of 73 in 2005 only to 
decline afterwards. 
As seen previously and not surprisingly, the largest number of days occurred during the 
summer months, with the minimum throughout the winter.  A bimodal annual distribution exists, 
with one peak in May and the other in August (Figure 4.3).  A noticeable decline exists in the 
total number of days exceeding the threshold value for the circulation variability analysis during 
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June and July.  The majority of cases were experienced March through October, with only seven 
total cases occurring in January, February, and November, and none in December (Figure 4.3). 
 
  
Figure 4.1  Number of days, non-inclusive, above certain daily maximum 8-hr average ozone 
concentration in the BRNAZ, total 799 days. 
 
4.2.3 NCEP Reanalysis II 
Data obtained from the NCEP–DOE Atmospheric Model Intercomparison Project 
(AMIP-II) reanalysis (R-2) dataset (Kalnay et al. 1996, Kanamitsu et al. 2002) are used to 
represent the atmospheric circulation. The R-2 project is an effort to provide data associated with 
the atmospheric state on a global scale and was designed to correct some known errors in the 
NCEP-NCAR reanalysis (R-1) dataset.  The dataset includes both derived and in-situ 
atmospheric values.  The primary atmospheric variable utilized in this part of the study is the 700 
hPa geopotential height (i.e., the height at which 700 hPa of pressure occurs – or approximately 
3000-3200 m above sea level in most cases).   
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Figure 4.2  Annual number of days above 70 ppb daily maximum 8-hr average ozone 
concentration in the BRNAZ. 
 
 
Figure 4.3  Number of days above 70 ppb daily maximum 8-hr average ozone concentration in 
the BRNAZ.  
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The selection of the 700 hPa level was chosen because it was believed to represent the 
lowest level that could be considered to be representative of steering circulation across most of 
the eastern United States.  Selection of a higher height of analysis, such as the 500 hPa level, 
would be less likely to identify regional-scale influences at the expense of purely synoptic- to 
hemispheric-scale flow.  Selection of a lower height of analysis, such as the 850 hPa level, would 
cause local frictional effects to dominate to the extent that geostrophic flow could not be 
assumed from the flow patterns identified. Namias (1978) believed that the 700 hPa level was an 
effective indicator of the variability of tropospheric circulation.  In an air quality study of 
Tucson, Arizona, 700 hPa geopotential height fields were utilized to represent atmospheric 
circulation (Diem and Comrie 2001).  Additionally, Bloomfield et al. (1996) found an 
association between surface O3 and 700 hPa wind speeds.  Data are available from 1979 until 
present; however, only the data covering the time frame from 1 January 1993 until 31 December 
2007 are utilized. 
The spatial extent of the R-2 project maintains a relatively complete global coverage on 
an evenly-distributed 2.5° x 2.5° resolution grid of latitude and longitude values.  The domain for 
this study extends from 20°N to 60°N latitude and 160°W to 50°W longitude (Figure 4.4).  The 
domain consists of 17 rows, each with 45 points, totaling 765 possible grid point locations for 
data.  
Even though the reanalysis data are available in 3-hr increments, this analysis will focus 
on the 1200 UTC observations, corresponding approximately with 0700 local standard time.  
This time is one of the two throughout the day when weather balloons are launched 
synchronously around the world to measure geopotential heights and resulting geostrophic or 
quasi-geostrophic flow patterns.  Although this time falls several hours before the maximum 
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solar radiation is received for a given day, this method utilizes the highest-quality data available 
and represents the synoptic environment leading up to an elevated event. 
 
4.2.4 Principal Components Analysis 
Principal components analysis (PCA) is a multivariate quantitative technique that has 
been utilized in previous climatic research (e.g., Richman 1986; Barnston and Livezey 1987; 
Preisendorfer 1988; Cayan 1996; Cook et al. 1999; Rohli et al. 2004; Compagnucci and Richman 
2008).  Its primary use is as a means of data reduction.  In this research, PCA is used to reduce 
the total number of variables (i.e., gridded 700 hPa geopotential heights at 765 points on 792 
days with O3 concentrations exceeding 70 ppb anywhere in the BRNAZ) to a considerably 
smaller set which depicts the major spatial patterns explaining variance in those 700 hPa 
geopotential height values. 
 
 
 
Figure 4.4  Study region with data points spaced on a 2.5° latitude/longitude grid. 
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To remove the “normal” effects of seasonal changes in geopotential height patterns, 700 
hPa geopotential height fields on each of the 799 days of elevated O3 were statistically 
standardized by month.  In other words, for each of the 799 days, the mean monthly 700 hPa 
height for the month during which the event occurred at a given point was subtracted from the 
observed height at that point on that day, and then this value was divided by the standard 
deviation for all days in that month at that point.  The result is a statistically standardized set of 
observations for each day, allowing days to be comparable despite having occurred at different 
times of the year.  Because January, February, November, and December together accounted for 
only 7 days, a decision was made to remove these cases from the PCA. 
These new standardized height values were arranged into an S-mode data matrix 
(Richman 1986) whereby each grid point appears in the data matrix as a column and each day is 
an observation or row.  To minimize any effects of near-successive days in the PCA, each data 
point was converted into a random value and then sorted on the newly randomized value.  The 
resulting data matrix had 765 columns and 792 rows.  At first, each row was listed in ascending 
chronological order according to date.  Afterwards, the order of the rows was randomized to 
minimize any possibility of negative effects in the PCA due to runs of consecutive days of high 
ozone.  
The PCA was performed utilizing the Statistical Package for the Social Sciences (SPSS) 
on the correlation matrix using the varimax orthogonal rotation algorithm.  The selection of an 
orthogonal rotation ensures that the components remain uncorrelated with one another, thereby 
ensuring each mode of variability is statistically independent.  Examination of an obvious “break 
point” in a plot of the eigenvalue resulting from the PCA for each successive component (i.e. 
scree plot (Catell 1966), Figure 4.5) yields evidence for the number of components to be retained 
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for rotation.   While PCA used in this manner was primarily a means for data reduction, it also 
provides a “loading” for each point in each resulting mode of variability (i.e., component) which, 
when mapped, can provide the researcher a means to visually represent the spatial pattern of the 
modes of variation contained within the data, for each component.  For example, a concentrated 
geographical area of high loadings would represent large variability in 700 hPa heights over that 
area explained by that component.  Additionally, results from the PCA include a time series of 
factor scores for each component which can be further analyzed using a clustering method to 
organize each observed day into a group of days with similar circulation patterns. 
 
 
Figure 4.5  Scree plot results from principal components analysis. 
 
 
4.2.5 K-means Cluster Analysis 
Cluster analysis (CA) is a family of related quantitative techniques that is generally used 
to group or cluster objects, variables, or observations into representative units or clusters.  In 
climatology, this technique can provide a method for classifying observations for further 
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compositing, resulting in 700 hPa map-pattern recognition.  CA can be subdivided into two 
approaches: hierarchical and non-hierarchical. 
 Hierarchical techniques utilize a similarity or dissimilarity matrix, basically representing 
some measure among the different data entities.  Using this measurement, typically the 
Euclidean distance, clusters or memberships are generated an element at a time through a series 
of steps.  There are two basic hierarchical methods: agglomerative and divisive.  Agglomerative 
methods begin with individual data elements and then group them together until all the data 
elements are in one large group in the end.  Divisive methods work in the opposite manner, 
beginning with one large entity and breaking it into smaller groups at each stage until the n data 
elements are in n groups containing one element each.  Some hierarchical methods include 
nearest neighbor or single link method, furthest neighbor or complete linkage method, centroid 
cluster analysis, median cluster analysis, group average method, and Ward’s method (Everitt 
1974).  One problem with hierarchical methods is if a data element is assigned to a specific 
cluster, as the procedure proceeds, there is no means for the data element to be reassigned to a 
more appropriate cluster if appropriate (Stooksbury and Michaels 1991). 
Rather than beginning with clusters with single elements, non-hierarchical techniques 
start with a specific number of clusters determined a priori or determined through the clustering 
algorithm (Gong and Richman 1995).  Seed values are assigned as cluster centroids, with each 
data element assigned to its nearest seed based on its distance.  After all data elements have been 
assigned, new centroids or seeds are calculated.  This process is then repeated iteratively until 
some stability or convergence occurs.  K-means is one such non-hierarchical clustering method. 
In this study, a two-step clustering approach was utilized that combines both hierarchical 
and non-hierarchical algorithms using SPSS.  For the first step, the scores from each of the nine 
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retained principal components for each of the 792 PC cases were clustered using hierarchical 
algorithms including average linkage, between-groups linkage, within-groups linkage, and 
Ward’s method. After consulting the agglomeration schedule from each of these methods, it was 
determined that seven to nine was a sufficient number of clusters to generate. Ultimately, nine 
clusters were chosen to be retained over seven, as it seemed as though the additional clusters 
would provide better separation of events and minimize the amount of “smoothing” resulting 
from compositing a large number of events in a relatively few number of clusters. 
The second stage involved the actual k-means clustering.  The cluster centers or seed 
values were determined first by clustering the PC scores using Ward’s method for nine clusters.  
The mean value for each of the cluster principal component scores was saved.  Next, the k-means 
algorithm proceeded utilizing the saved mean values for each cluster as the seed values for the k-
means clustering. 
Once clusters have been generated, the next step was to composite the variables, which 
entailed computing the mean of atmospheric variables during all the dates within a cluster.  
Afterwards, it was necessary to further subjectively characterize each pattern to identify the 
apparent causal mechanism for elevated O3 concentration on the days in each cluster. 
 
4.3 Results and Analysis 
Examination of the scree plots revealed that a total of nine principal components (PCs), 
accounting for approximately 68.3 percent of total explained variance (Table 4.1), were to be 
retained for rotation.  The loadings maps resulting from rotated PCA represent the major modes 
of variability in the 700 hPa geopotential height fields on elevated O3 days (Figure 4.6a-i).  
Principal component 1 (PC1) shows a region of anomalous 700 hPa heights (which also means 
that pressure is anomalous) in the western mountain cordillera, with a concurrent anomaly of 
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opposite sign off the central Pacific coast.  In other words, anomalous ridging (troughing) in one 
of these two regions is accompanied by anomalous troughing (ridging) in the other, with this 
longwave ridge/trough configuration accounting for 15.3 percent of the dataset variance.  PC2 
suggests a significant 700 hPa height/pressure anomaly in the northwestern part of the study 
region.  A region of significance is located in the eastern Pacific off the western coast of the U.S. 
in PC3.  PC4 is similar to PC3, although the major pressure center is located farther north with 
concurrent moderate deepening across the northwestern United States.  Height/pressure 
variability over eastern North America is depicted in PC5.  In PC6, this region shifts to central 
Canada.  An Atlantic region of height/pressure anomalies is off the eastern coast of the U.S. in 
PC7.  PC8 depicts a zonal pattern with lessened deepening over the northern half of the U.S. and 
increased anomalies of opposite sign in the southern half with a center over the Caribbean.  PC9 
suggests a region of height/pressure anomalies in the far northeastern portion of Canada and 
lessened anomalies of opposite sign over the southeastern United States. 
 
Table 4.1  Eigenvalues and associated percent and cumulative variance explained. 
 
Component Eigenvalue % of Variance Cumulative % 
1 117.2 15.3 15.3 
2 82.1 10.7 26.1 
3 67.8 8.9 34.9 
4 59.6 7.8 42.7 
5 50.0 6.5 49.2 
6 47.0 6.1 55.4 
7 41.4 5.4 60.8 
8 32.4 4.2 65.0 
9 25.2 3.3 68.3 
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Figure 4.6  Component loading maps of the S-mode rotated principal components analysis. 
a)
b)
c)
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Figure 4.6 (cont.) 
d)
e)
f)
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 The 700 hPa geopotential height field on a given day may not necessarily exhibit a 
pattern depicted particularly well by one of those rotated loading map patterns.  More typically, 
the height field on a given day is suggestive of anomalies represented by a combination of these 
modes.  To determine which dates were more representative of each of these components, it was 
helpful to perform a cluster analysis. 
 Clusters 1 and 3 (CL1, CL3) were tied for the maximum number of cases with 97 each, 
while CL6 had the fewest members, with only 70 days (Table 4.2).  The mean daily maximum 8-
hr value ranged from 82.8 for CL1 to 84.7 for CL5 (Table 4.3).  CL4 contained the day with the 
highest daily maximum 8-hr O3 concentration of 126 ppb. 
 
Table 4.2  Frequency of events per cluster using rotated principal components analysis. 
 
Cluster Count % Total 
1 97 12.2 
2 90 11.4 
3 97 12.2 
4 94 11.9 
5 90 11.4 
6 70 8.8 
7 73 9.2 
8 88 11.1 
9 93 11.7 
 
 
Maps of the daily composite 1200 UTC, 700 hPa geopotential height patterns for each 
month (March through October) are shown in Figure 4.7a-h.  These maps incorporate data for 
every available day of the month over the 15-year 1993-2007 study period.  As expected, a 
stronger pole-equator gradient of atmospheric mass (i.e., pressure) is present in the transition 
months of March, April, and October (Figure 4.7a,b,h) as compared with the warmer months 
(Figure 4.7c-g) over most of the eastern U.S., particularly the Southeast.  As progression into the 
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warmer months occurs (Figure 4.7 c, d), the gradient weakens and heights rise increasingly 
farther south.  Additionally, the height patterns during the summer months do not vary 
significantly from day to day and have a more persistently higher 700 hPa over the majority of 
the United States.  
 
Table 4.3  Cluster statistics. 
 
Cluster N Mean Maximum Range Std. Dev. Skewness 
1 97 82.8 121 50 11.2 1.44 
2 90 83.7 115 44 9.9 0.97 
3 97 83.0 120 49 10.7 1.28 
4 94 83.9 126 55 11.1 1.52 
5 90 84.7 117 46 11.2 0.89 
6 70 82.9 120 49 10.4 1.34 
7 73 83.9 109 38 10.0 0.86 
8 88 83.1 114 43 8.9 1.17 
9 93 84.4 113 42 10.2 0.70 
Total 792 83.6 126 55 10.4 1.14 
 
 
Figure 4.8a-i depicts the composite 700 hPa geopotential height pattern for only the days 
in which O3 exceeded 70 ppb anywhere in the BRNAZ, by cluster.  Each map represents the 
flow on approximately 9-12 percent (i.e., 70 to 97 events) of the set of 792 elevated O3 events.  
CL1 shows a predominant high pressure region over south-central U.S. with a ridge with heights 
of 3150 m extending well into the central portions of Canada (Figure 4.8a).  In CL2 (Figure 
4.8b), a Gulf High appears across the southern U.S. and the Gulf of Mexico.  CL3 (Figure 4.8c) 
is similar to CL2 although the pattern appears to have an eastward shift.  This Gulf High is 
present in CL4 as well, although the heights are higher farther north across the central portion of 
the U.S. and there appears to be a concurrently deepened Aleutian low.  CL5 is another Gulf 
High pattern with strong troughing in the northern Atlantic (Figure 4.8e).  CL6 is similar to CL5 
but has a weaker gradient across Canada and the Atlantic (Figure 4.8f).  CL7 (Figure 4.8g) 
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shows troughing along the western coast of the U.S. and ridging occurring in the eastern half of 
the U.S. (Figure 4.8g). Unlike the other clusters, CL8 has a strongly zonal flow (Figure 4.9h) 
across the U.S. with a weak gradient.  Finally, CL9 is similar to CL1 and others with the 
predominant high height/pressure pattern in the southern U.S. along with a stronger gradient with 
troughing along the eastern coast of the United States. 
 CL1 and CL9 seem to represent significant synoptic control, while CL2, CL4, CL5, CL6, 
and CL7 suggest a stronger influence of Gulf high conditions.  CL3 and CL8 show less 
meteorological forcing, as the BRNAZ sits beneath neither a ridge-to-trough side of a Rossby 
wave nor a synoptic-scale anticyclone.  Perhaps anomalous non-meteorological factors caused 
one or more stations to exceed the threshold of 70 ppb on those days.   Although many height 
patterns appear to be similar among the clusters, it must be reiterated that these patterns represent 
the mean heights for all the members of a specific cluster and that variability among the 
members will affect the resultant mean pattern.   
For closer analysis, composites and their anomalies were also generated by month for 
each cluster and its members.  The anomaly maps represent the difference between the mean 700 
hPa geopotential heights on elevated O3 days in a given month for that cluster and the mean for 
all (approximately 30 x 15) days in the study period in that month.  Positive (negative) anomalies 
suggest locations where anomalous ridging (troughing) or anticyclonicity (cyclonicity) is present 
on elevated O3 days.  The number of events included in each composite is shown in the lower 
right on each of these and subsequent figures in analyses by cluster.  Of course, the small number 
of observations in many cluster-months invites caution in the interpretation of results.  
 
81 
 
 
 
Figure 4.7  Monthly mean of daily 12Z, 700 hPa geopotential height in meters (m), March - 
October (a-h, respectively).  The number of cases (n) for each month is included for reference.  
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Figure 4.8  Mean 700 hPa geopotential height in meters (m) by clusters 1 -9 (a-i, respectively).    
The number of cases (n) for each cluster is included for reference. 
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On the 97 days with elevated O3 that fell within CL1, synoptic control rather than 
influence from a local regime appears to dominate in most months (Figure 4.9a-h), as was the 
case for CL1 in general (Figure 4.8a).  Regardless of month of occurrence, days in CL1 tend to 
show higher pressure than normal for their month on elevated O3 days in the central U.S., with 
concurrent lower pressure than normal over the Southeast (Figure 4.10a-h).  This anomalous 
anticyclonicity causes advection from the continental interior, thereby calling into question the 
degree of local anthropogenic effects from influences such as the industrial plants in the 
Mississippi corridor south of Baton Rouge.  This cluster instead suggests a broad-scale 
meteorological forcing.  Furthermore, the stronger positive anomalies in 700 hPa geopotential 
heights during the fringe months of the O3 season (i.e. March and October) suggest that even 
stronger synoptic anomalies are necessary in the lower-sun seasons to cause O3 in the BRNAZ to 
exceed 70 ppb. 
The position of 700 hPa ridges and troughs is of great significance in understanding the 
forcing mechanisms for surface O3 occurrence.  For a constant pressure gradient, airflow around 
ridges (troughs) is typically faster (slower) than geostrophic flow would suggest.  Flow between 
the ridge and downstream trough, and that between the trough and downstream ridge, is at the 
geostrophic speed for the pressure gradient.  These basic principles of atmospheric dynamics 
result from the relative impact of the Coriolis effect as air is deflected in a clockwise manner 
(i.e., around northern hemisphere ridges and anticyclones) or counter-clockwise (i.e., around 
northern hemisphere troughs and cyclones).  Specifically, as air moves around a ridge (as at 
point “a” in Figure 4.11), such as over the Mountain West in Figure 4.9b, its clockwise flow (in 
order to remain parallel to the isohypses as gradient flow theory requires) causes a rightward 
deflection, which complements the Coriolis effect.  In other words, the Coriolis effect is working 
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to enhance the flow that would occur otherwise.  The result is that the curved flow is faster for 
that pressure gradient than if the flow were occurring in a straight line required by geostrophic 
flow theory.  This type of flow is referred to as "supergeostrophic."  At point "b" in Figure 4.11, 
flow is occurring in a straight line, so its speed is nearly that as predicted by geostrophic flow 
theory for that pressure gradient (i.e., "geostrophic").  At point "c" in Figure 4.11, the 700 hPa 
flow bends to the left around the trough in order to remain parallel to the isohypses as required 
by the balance of forces in gradient flow.  However, because the Coriolis effect deflects air to the 
right in the northern hemisphere, this leftward flow is working against the Coriolis effect and 
thus the flow is termed "subgeostrophic." 
These characteristics of lateral flow around ridges and troughs have implications for 
vertical movement in the atmosphere.  Specifically, for a given pressure gradient, flow on the 
ridge-to-trough side of the Rossby wave (from points "a" to "c" in Figure 4.11) will decelerate 
slightly as flow moves from supergeostrophic to subgeostrophic speeds.  Thus, the ridge-to-
trough side of the Rossby wave is characterized by horizontal convergence. As this air converges 
and accumulates at the 700 hPa level, it must disperse to areas of lesser concentration, in 
fulfillment of the Second Law of Thermodynamics.  However, it cannot move laterally because 
of the balance of forces required by gradient and geostrophic flow. 
The effect of gravity and the proximity of the 700 hPa level to the surface dictate that 
much of this flow will move downward toward the surface.  Thus, the ridge-to trough side of the 
700 hPa Rossby wave (such as over the Mississippi Valley in Figure 4.9b) will be characterized 
by sinking motion, or subsidence, and surface high pressure.  Such synoptic-scale subsidence is 
likely to cause locally-generated surface O3 to remain trapped near the surface.  Thus, locations 
beneath the ridge-to-trough side of the Rossby wave are likely to have excessive O3 
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concentrations.  Not surprisingly, Figures 4.9a-h generally show that Baton Rouge is often on 
this side of the wave during high O3 days in the BRNAZ. 
 
 
Figure 4.9  700 hPa mean geopotential heights in meters (m) for Cluster 1, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.10  700 hPa geopotential height anomalies in meters (m) for Cluster 1, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference.  
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Figure 4.11  Air flow around a Rossby wave.  At points “a” and “e”, the flow is 
supergeostrophic.  Flow is geostrophic at points “b” and “d”.  Subgeostrophic flow is evident at 
point “c”. 
 
By contrast, on the trough-to-ridge side of the 700 hPa Rossby wave, areas are likely to 
be influenced by 700 hPa horizontal divergence, because the subgeostrophic flow around the 
trough (point "c" in Figure 4.11) accelerates to geostrophic flow between the trough and 
downstream ridge (point "d" in Figure 4.11), and then it accelerates even more as the flow 
becomes supergeostrophic flow around the ridge (point "e" in Figure 4.11).  As the flow 
accelerates along this trajectory, the air is stretched, creating a void in this region.  This 
horizontal divergence results in an upflow where air from the surface must be drawn into the 
"missing" air aloft. 
The 90 elevated O3 days that exceeded 70 ppb that comprise CL2 were apparently caused 
by somewhat different forcing mechanisms.  The days in this cluster were influenced 
overwhelmingly by zonal 700 hPa flow patterns rather than the ridge-trough configurations that 
were found for CL1 days, for all months analyzed (compare Figures 4.12a-h to Figures 4.9a-h).  
Pressure anomalies are also suggestive of less departures from normal over the central U.S. than 
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in CL1 (compare Figures 4.13a-h to Figures 4.10a-h).  One similarity between CL1 and CL2 is 
the influence of weaker gradients over the central southern U.S. during the warmer months of 
June through September.  
The 97 days of elevated O3 comprising CL3 appear to reveal slightly different causal 
mechanisms throughout the year.  In the first half of the season (March – June) there appears to 
troughing along the western U.S. (Figure 4.14a-d) with below average heights (Figure 4.15a-d).  
Also, a suggestion of ridging extends along the Atlantic seaboard with a northeasterly axis.  
From July until October, the trough in the West dissipates (Figure 4.14e-h), with height 
anomalies increasing farther north across a relatively weak gradient (Figure 4.15e-h).  However, 
there are lower heights than usual across the northwestern Atlantic with a stronger gradient.  
Relatively little evidence for synoptic or “Gulf high” control exists on these days; if anything, the 
Baton Rouge area appears beneath the trough-to-ridge side of the wave, which would produce 
the 700 hPa divergence and surface uplift that would enhance cloud cover and surface O3 
dissipation. 
Comprised of 94 elevated O3 days, CL4 has a mean pattern similar to CL2 with a slightly 
stronger gradient and much lower heights in the northeastern Pacific region (Figures 4.16a-h and 
4.17a-h).  Heights across central Canada are much higher compared to CL2 with a relatively 
stronger gradient.  It is interesting to note that CL4 is the cluster with the highest observed daily 
maximum 8-hr concentration of 126 ppb (Table 4.3).   
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Figure 4.12  700 hPa mean geopotential height in meters (m) for Cluster 2, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.13  700 hPa geopotential height anomalies in meters (m) for Cluster 2, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
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Figure 4.14  700 hPa mean geopotential height in meters (m) for Cluster 3, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.15  700 hPa geopotential height anomalies in meters (m) for Cluster 3, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
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Figure 4.16  700 hPa mean geopotential height in meters (m) for Cluster 4, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.17  700 hPa geopotential height anomalies in meters (m) for Cluster 4, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference.  
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CL5 consists of 90 days where the maximum daily 8-hr O3 concentration exceeded 70 
ppb.  This cluster is characterized by moderate ridging early in the season, which gives way to a 
summer and autumn Gulf high (Figure 4.18a-h), with higher than average 700 hPa heights across 
the continental U.S. throughout each month (Figure 4.19a-h).  The primary forcing mechanism 
for high O3 for this cluster seems to be related to the presence of a Gulf high pressure system. 
The cluster with the least number of elevated O3 events is CL6 with only 70 days, 
representing 8.8 percent of the total number of elevated O3 events.  Although the mean pattern 
for CL6 is similar to that of CL5 (Figure 4.8e-f), it consists of a weak gradient throughout.  For 
the months of July through October (Figure 4.20e-h), there is an area of high pressure in the 
southeast U.S. at the 700 hPa level.  This area of subsidence could lead to increased O3 due to 
locally-generated O3 or even influence from north-westerly advection of sources along the 
Mississippi River industrial corridor.  The months of March through June exhibit a strong dipole 
(Figure 4.21a-d) with higher than normal heights with a strong gradient over northeastern 
Canada and lower heights with a strong gradient over the western Atlantic.   
With the second-fewest number of elevated O3 events at 73, CL7 is characterized by 
troughing with lower heights all along the western seaboard of the U.S. (Figure 22a-h) and 
higher than average heights along the eastern U.S. throughout each month March-October 
(Figure 23a-h).  Elevated O3 events appear to be influenced by the presence of high pressure 
located over the Gulf of Mexico beginning in March (Figure 4.22a).  This continues as the high 
pressure shifts northward until it is centrally located over the southeastern U.S. in July and 
August (Figure 4.22e-f).  As the year progresses, this high pressure region retreats southward 
over the Gulf of Mexico (Figure 4.22g-h). 
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Figure 4.18  700 hPa mean geopotential height in meters (m) for Cluster 5, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.19  700 hPa geopotential height anomalies in meters (m) for Cluster 5, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
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Figure 4.20  700 hPa mean geopotential height in meters (m) for Cluster 6, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.21  700 hPa geopotential height anomalies in meters (m) for Cluster 6, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
  
100 
 
 
Figure 4.22  700 hPa mean geopotential height in meters (m) for Cluster 7, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.23  700 hPa geopotential height anomalies in meters (m) for Cluster 7, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference.  
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The 88 days with elevated O3 in CL8 appear to be associated with primarily zonal flow 
(Figure 4.24a-h) across the eastern half of the United States.  For each month from March 
through October, there are higher than average heights in the northeastern Pacific, lower mean 
heights in the central eastern Pacific, and generally lower than average heights across eastern 
Canada (Figure 4.25a-h). 
 Finally, CL9 had 93 days with elevated O3.  For this cluster, the elevated O3 events are 
believed to be influenced by the ridge-to-trough side of the Rossby wave similar to CL1 where 
Baton Rouge is located in each month (Figure 26a-h).  Additionally, for each month, March-
October, the heights along the eastern coast of the U.S. are lower than average (Figure 27a-h). 
Because the clusters with an overwhelming suggestion of synoptic influence of subsidence 
(Clusters 1 and 9) comprise 24 percent of the high O3 days in the BRNAZ, the synoptic influence 
seems to be an extremely important factor in determining whether O3 exceedances will occur in 
the BRNAZ.  However, other influences are also important, such as a Gulf anticyclone sitting 
over the area, reminiscent of Clusters 2, 4, 5, 6, and 7 (52.6 percent of the O3 days). 
Furthermore, the lack of apparent atmospheric forcing mechanisms (such as Clusters 3 
and 8) suggests the possibility that non-meteorological causes may be a factor in approximately 
23.4 percent of days with excessive O3 concentrations in the BRNAZ.  However, since no 
clusters (particularly Clusters 3 and 8), have significantly higher percentages of single-site 
exceedances than the others (Table 4.4), it is difficult to conclude with certainty that they are 
caused by non-meteorological factors, unless the non-meteorological factors tend to affect 
multiple sites simultaneously to a similar extent as meteorological factors. 
Because the positions of Rossby wave ridges and troughs are predicted relatively well by 
weather forecasting models, particularly in the transition and cold seasons, we can assume that 
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forecasting of O3 for Baton Rouge may be most successful in March, April, and October.  
Unfortunately, 62.2 percent of excessive O3 days occur in the June-September period, and 20.5 
percent of the days with non-meteorological forcing mechanisms occur during that interval.  
Tropospheric O3 exceedances will be much more difficult to predict during such months. 
 
4.4 Chapter Summary 
In this chapter, an environment-to-circulation approach was undertaken with the premise 
of associating synoptic-scale circulation patterns with daily maximum 8-hr surface O3 
concentrations in BRNAZ.  Initially, for the 15-year period from 1993 through 2007, only 
episodes of elevated O3 greater than 70 ppb in the BRNAZ were selected for analysis.  The 
selected cases included 792 days.  Next, PCA was performed utilizing 700 hPa geopotential 
height fields from the NCEP Reanalysis II dataset over the United States.  The nine PCs resulting 
from the PCA were then classified into similar circulation patterns.  Cluster analysis using a two-
stage hierarchical followed by k-means procedure generated nine clusters representative of 
tropospheric circulation patterns for elevated O3 days. 
The nine clusters could generally be categorized into three broader classes of O3 forcing 
mechanisms: synoptic subsidence, Gulf High, and non-meteorological related.  Results from 
composited 700 hPa geopotential height fields suggest that forecasting O3 may be most 
successful in March, April, and October.  Although nearly two-thirds of high O3 days occur in 
the warmer months, June-September, forecasting would be more difficult as a significant number 
of days are influenced by non-meteorological factors. 
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Figure 4.24  700 hPa mean geopotential height in meters (m) for Cluster 8, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
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Figure 4.25  700 hPa geopotential height anomalies in meters (m) for Cluster 8, by month, 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
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Figure 4.26  700 hPa mean geopotential height in meters (m) for Cluster 9, by month (March-
October (a-h, respectively)).  The number of cases (n) for each month is included for reference. 
  
107 
 
 
Figure 4.27  700 hPa geopotential height anomalies in meters (m) for Cluster 9, by month 
(March-October (a-h, respectively)).  The number of cases (n) for each month is included for 
reference. 
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Table 4.4  Number of BRNAZ stations exceeding 70 ppb 8-hr standard by cluster membership. 
Stations     Cluster     Total 
 1 2 3 4 5 6 7 8 9  
1 30 25 29 25 28 16 18 19 17 207 
2 16 18 11 12 13 16 10 21 12 129 
3 12 12 11 6 7 11 9 9 11 88 
4 9 5 5 7 6 6 6 10 12 66 
5 8 5 9 11 8 6 7 3 11 68 
6 5 4 10 9 7 5 9 7 4 60 
7 4 4 4 5 2 2 2 5 6 34 
8 2 8 5 5 7 3 2 6 6 44 
9 4 5 2 8 5 1 3 3 2 33 
10 3 2 5 3 4 1 4 2 5 29 
11 4 2 6 3 3 3 3 3 7 34 
Total 97 90 97 94 90 70 73 88 93 792 
 
 
The use of k-means led to nearly equal sized clusters.  This is a result that is believed to 
have detracted from the overall differentiation among the clusters.  Perhaps future research could 
incorporate the use of classification techniques such as simulated annealing (Philipp 2007) or 
self-organizing maps, a type of artificial neural network useful for pattern recognition (Lu et al. 
2006). 
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CHAPTER 5:  OZONESONDE EXPERIMENTS 
 
5.1 Introduction 
Air quality should be of great concern due to the harmful effects to humans and their 
surrounding environment.  One specific type of pollutant known to have serious negative effects 
on the health of both humans and vegetation is ozone (O3) -- specifically tropospheric or near-
surface O3 (Steinbacher et al. 2004).  Ozone is formed through a series of photochemical 
reactions involving precursors; near the ground these precursors are likely to include nitrogen 
oxides (NOx) and volatile organic compounds (VOCs) (Beyrich et al. 1996).  The generation of 
O3 typically follows a diurnal cycle with maximum production occurring in early afternoon and 
sharply decreasing in the late afternoon.  After sunset, concentrations in the nocturnal stable 
boundary layer reach a minimum due to deposition and/or chemical transformations with NOx 
(Taubman et al. 2004).  Throughout the evening, a portion of the preceding day’s O3 is retained 
in the residual layer above the nocturnal boundary layer, making it difficult to measure from the 
surface; it eventually becomes available for entrainment in the morning (Lin et al. 2004).  Aside 
from any down-mixing or entrainment, the cycle resumes with new formations as sunrise occurs 
and the ultraviolet radiation jumpstarts the production process once again (Corsmeier et al. 
1997). 
Although a great deal of research has been conducted on the sources of near-surface O3, 
most have focused on the daytime concentrations of O3, because of its peak influence in sunny 
conditions due to its photochemical formation.  Nocturnal atmospheric conditions and their 
resulting influence on subsequent O3 concentrations on the following day are not widely 
understood.  In this chapter, findings will be presented from a series of ozonesondes launched in 
the spring of 2006.  The primary purpose of the launches was to investigate the diurnal variation 
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in the vertical distribution of tropospheric O3 within the metropolitan Baton Rouge 
nonattainment zone (BRNAZ), along with associated meteorological variables.    
 
5.2 Background Information 
5.2.1 Atmospheric Stability and Mixing Depth 
The local atmosphere’s static stability plays an influential role in the effective mixing of 
air pollutants within the troposphere.  A stable atmosphere is one in which the upward vertical 
motion is resisted or limited.  Conversely, an unstable atmosphere typically is associated with 
enhanced vertical motions.  A defining characteristic of stability is how the temperature of the 
static atmosphere changes with height relative to the vertical temperature change of an 
adiabatically-moving (i.e., exchanging no energy with the surrounding air) air parcel.  
Temperature changes in the former vary widely from day to day and place to place, depending 
on the local circulation conditions, magnitude of surface heating, and degree and efficiency of 
absorption by atmospheric gases and aerosols. Temperature changes by an adiabatically-moving 
air parcel are governed by changes in the volume of the parcel as pressure decreases with height, 
and are perfectly predictable (if the adiabatic assumption is valid) based on derivations from 
ideal gas laws.  If the adiabatically-moving air parcel is colder (warmer) than its surrounding 
environment at any height, it will have a tendency to sink (rise) after an initial lifting force is 
removed, and the atmosphere will be stable (unstable). 
The first law of thermodynamics states that there is a conservation of energy.  Energy is 
neither created nor destroyed, but only can be transformed from one form to another.  Therefore, 
if heat (energy) is applied to a constant volume of air, the temperature of the air parcel will 
increase as well.  If the temperature increases and the volume remains constant, the equation of 
state (Eq. 5-1) indicates that the pressure must increase as well.  The equation of state dictates 
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the relationship between pressure , volume , mass , and temperature  where  is the ideal 
gas constant: 
                                                             (5-1) 
Additionally, the hydrostatic equation describes the relationship between changes in pressure  
with height 	 as follows: 
    	                                                                 (5-2) 
where  is the acceleration due to gravity and  is the density of air.  The two equations above 
suggest that in an ideal gas temperature decreases as height increases (unless air of a different 
temperature is advected to a region); likewise so does pressure.  The rate at which the 
temperature changes with height is referred to as the lapse rate. When referring to a specific 
parcel of air, this rate is referred to as either the moist adiabatic lapse rate if the parcel is 
saturated, or the dry adiabatic lapse rate if the parcel is unsaturated.  While the moist adiabatic 
rate depends on the air temperature of the parcel (because saturation vapor pressure is a function 
solely of temperature as described by the Clausius-Clapeyron equation), the dry adiabatic lapse 
rate is always 9.8 K km-1.  The environmental lapse rate refers to the rate at which the 
temperature of the surrounding air of a particular parcel changes with respect to height. 
As indicated above, stability of an air parcel is determined by comparing the temperature, 
and thus the density, of an air parcel with its surrounding environment at the same height.  If the 
temperature of a risen air parcel is warmer than its environment, then it will continue to rise as 
the atmosphere is unstable.  If that air parcel has a temperature equal to its environment, then the 
atmosphere is neutral and the air parcel would neither rise nor sink.  However, if the lifted parcel 
is colder than its surrounding environment then it is likely to sink -- a stable environment.  Thus, 
the stability of the atmosphere influences the vertical mixing of the atmosphere and affects the 
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distribution of air pollutants such as tropospheric ozone.  Generally, an unstable atmosphere is an 
environment that would lead to greater vertical mixing of pollutants away from the near-surface 
source due to convection. 
Another indicator of stability is potential temperature (θ) -- the temperature that a parcel 
of dry air would have if it were lowered dry adiabatically (i.e., underwent warming at the dry 
adiabatic lapse rate) to 1000 hPa.  The significance of θ as an indicator of stability is that a 
decrease in θ with an increase in height corresponds to an unstable atmosphere.  Likewise, the 
atmosphere is stable whenever θ increases as height increases.  A constant θ throughout a layer 
in the atmosphere is associated with a neutral atmosphere. 
The mixing depth is an important variable when considering the volume available for the 
mixing of pollutants, in this case specifically O3.  As the sun rises, the incoming solar radiation 
heats the earth’s surface and the lower levels of the atmosphere.  The resulting warming of the 
surface results in a steep environmental lapse rate (i.e., abrupt cooling with height above the hot 
surface), locally unstable atmospheric conditions, convection of the air nearby, and abundant 
vertical mixing in the lower atmosphere.  As the sun begins to set, losses of surface heat through 
longwave radiant emission through the night are no longer compensated by an input of energy 
from the sun.  Therefore, the surface cools as the radiant energy is transferred from the surface to 
the atmosphere or through the atmosphere directly out to space.  This process generally results in 
increasing θ with height and weak or inverted environmental lapse rates (i.e. with the ambient 
atmosphere cooling very little, or even warming, with increasing height).  As a result, the 
adiabatically-moving air parcel will be likely to remain cooler than its surrounding environment, 
thereby promoting a stable atmosphere.  Often a nocturnal inversion layer (i.e., a vertical layer of 
the atmosphere in which temperature increases with height, thereby increasing static stability 
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substantially) forms near the surface.  Under stable conditions, the vertical mixing height -- the 
depth of the layer from the earth’s surface in which turbulent mixing of air pollutants occurs --  
decreases, with even less upward vertical motion in rural regions, where nocturnal terrestrial 
radiation losses are more likely to occur unimpeded by buildings or anthropogenic aerosols and 
where anthropogenic surface heating (i.e., the “urban heat island”) is minimized (Holzworth 
1967).  
The combination of mixing depth, wind speed, and physical size and activities within a 
city will determine the concentration of air pollutants within an urban area (Miller and 
Holzworth 1967).  Generally, as mixing depth and/or wind speed decrease, the concentration of 
pollutants increases.  The mixing depth varies in height diurnally as the temperature profile 
within the lower atmosphere changes.  Sometimes a subsidence inversion takes place, further 
inhibiting the likelihood of vertical mixing.  A subsidence inversion occurs when air sinks (and 
therefore warms) dry adiabatically to such an extent that its temperature after descent is greater 
than the temperature of the air below it, thereby creating a temperature inversion and enhancing 
stability.  Subsidence inversions are most likely to form under synoptic ridging. 
 
5.2.2 Mechanistic Forcing Effects on Ozone Development 
Another atmospheric feature that is likely to affect stability and therefore air quality over 
the south-central United States is the low-level jet (LLJ), a feature responsible for enhancing 
turbulence, vertical mixing, and the transport of pollutants (Corsmeier et al. 1997).  If vertical 
wind shear (i.e., changes in wind speed with height) is substantial, as is the case in the presence 
of a LLJ, shearing forces lead to turbulence.  The turbulence enhances the likelihood of mixing 
of pollutants within the atmosphere.  LLJ-associated turbulence may also enhance upward 
motion of water molecules, thereby promoting the cloud cover that would reduce the solar 
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radiation necessary to form ozone.  Turbulence may also lead to precipitation which would wash 
pollutants out of the atmosphere.  
The development of a low-level jet (LLJ) is cited in many studies as a primary cause of 
the initiation of down-mixing (Corsmeier et al. 1997; Balsley et al. 2003; Eliasson et al. 2003).  
Although the LLJ is not always present in each scenario, it is exhibited in a large portion of the 
cases to warrant an association.  During the evening boundary layer transition, shear is the result 
of the LLJ forming just after sunset (Banta et al. 2003).  In essence, the LLJ develops just above 
the nocturnal boundary layer in a relatively low-friction region (Taubman et al. 2004).  
Turbulence then forms as a result of this enhanced shear layer between the jet’s maximum level 
and the earth’s surface (Banta et al. 2003).  Banta and his colleagues were able to establish a 
relationship between turbulence measures in the nocturnal stable boundary layer and the 
Richardson number using an estimate of shear based on the speed and height of the LLJ. 
Stratosphere-troposphere exchange (STE) potentially plays a role in the O3 composition 
of the lower stratosphere and troposphere.  It is this dynamic exchange, sometimes deeply 
intrusive, that can bring a rapid deep downward motion of O3-laden stratospheric air leading to 
surface peak mixing ratios of undesirable ozone.  This scenario seems to have maximum effect in 
late winter over the northern hemisphere near the genesis and cyclolysis of Atlantic and Pacific 
storm tracks (Stohl et al. 2003). 
 
5.2.3 Relationship between Surface Ozone and the Nocturnal Boundary Layer 
Despite the use of many kinds of tools and techniques in various experiments and 
observations, the nature and characteristics of the nocturnal boundary layer are still not fully 
understood.  A wide array of instruments and tools are utilized, including tethered balloons, 
SODARs, ozonesondes, meteorological instrument towers, GPS, aircraft, satellites, and high-
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performance computing resources.  But even with these resources, our knowledge on the topic is 
still lacking.  Even the inaccuracies and sensitivity of the instrumentation make it difficult to 
provide reliable estimates of turbulence measurements (Salmond and McKendry 2005). 
As data collected from field experiments can prove to be invaluable in research, it would 
be beneficial to be able to simulate nocturnal O3 concentrations.  The work by Freitas et al. 
(2005) will eventually lead to better methods of incorporating the behavior of nocturnal O3 into 
modeling techniques.  Their proposed method was to utilize NOx concentrations transported both 
horizontally and vertically to simulate O3 in the absence of further O3 production at night.  
However, this approach led to highly overestimated concentrations.  This task is not an easy one 
and continues to be a challenge for modelers. 
To assess the impacts of air pollutants accurately, it is necessary to understand how the 
spatial and temporal development of the boundary layer wind and temperature structure affects 
the distribution of air pollutants (Zhong et al. 2004).  Generally as sunset approaches, outgoing 
radiation begins to exceed the amount of incoming solar radiation.  The start of a nocturnal 
inversion occurs.  As a result of the radiative cooling, a nocturnal surface boundary layer forms 
during the night and its top is defined as the maximum altitude at which the surface inversion 
occurs (Lin et al. 2004).  Diurnal O3 concentration at levels above this inversion layer typically 
does not vary as much at nighttime, as the layer provides a barrier from destructive processes 
closer to the surface (Aneja et al. 2000).  
The depth of this layer is not fixed, as estimates are typically between tens and hundreds 
of meters (Balsley et al. 2003).   In a study in Taiwan during wintertime (Lin et al. 2004), the 
depth was approximately 300 m which is comparable to a California valley summertime study 
where the depth was measured at between 200-400 m (Zhong et al. 2004) and increased variably 
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as morning approached.  In a study in the northeastern United States (Berman et al. 1999), 
average daytime maximum mixing depths exceeded 2000 m inland and less than 500 m over the 
coastal waters in the summertime.  However, at night, the mixing depth was an average of 250 m 
over both the land and the water.  The nocturnal stable inversion layer was found to be between 
145 m and 200 m in height for the vicinity of Houston, Texas (Day et al. 2010).  Balsley et al. 
(2003) notes additionally significant stratification and sporadic turbulence are characteristic of 
this layer.  In general, only the portions of this layer closest to the surface are extremely 
turbulent, although it has been found in urban locations that weak and sporadic turbulence can 
extend to the top of the temperature inversion (Rao et al. 2003). 
 Salmond and McKendry (2005) noted that the very stable nocturnal boundary layer 
supports very little turbulence in general, but that which is present tends to occur in intermittent 
“bursts”.  This model of turbulent exchange forms the basis of the argument regarding the 
influence of the nocturnal boundary layer on surface O3 concentrations.  As nighttime 
approaches, radiative cooling suppresses convective conditions and turbulent transport is 
minimized due to the negative buoyancy (Galmarini et al. 1997).  Next, a reservoir of pollutants 
is trapped in the residual layer in the nighttime as this layer is decoupled from the near-surface 
layers due to stable stratification (Beyrich et al. 1996).  As morning approaches, the nocturnal 
boundary layer breaks down and begins a down-mixing or turbulent exchange with the surface 
below injecting overlying pollutants into the lower levels of the atmosphere closest to the 
surface. 
This turbulent exchange is typically a result of mechanical means caused largely by shear 
generated through changes in wind velocity with changes in height.  Salmond and McKendry 
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(2005) outlined five potential causes of the turbulent phenomena: 1) shear, 2) low-level jets, 3) 
mesoscale wind systems, 4) breaking gravity waves, and 5) density currents. 
 Others believe that local or mesoscale wind systems are responsible for nocturnal O3 
maxima.  In a Swedish study (Eliasson et al. 2003), the authors attributed the maximum to the 
development of local mountain-valley winds.  During the summer of 1994 in Gotebörg, Sweden, 
nocturnal O3 maxima were classified to be either due to horizontal advection or vertical mixing.  
If there were calm, clear skies from sunset to sunrise, a bulk Richardson number > 1, and change 
of wind direction, the likely cause was due to horizontal advection.  However, vertical mixing 
was the reason if the bulk Richardson number < 1 and there was no change in the wind direction.  
Based on their classification scheme, nearly 75 percent of the O3 peaks were identifiable by 
either one of the previous causes.  In a summertime study on O3 pollution in Tennessee, it was 
found that rural areas received urban pollutants from transport associated with nighttime winds 
(Meagher et al. 1998). 
 The effect of localized wind systems was also evident in the Lower Fraser Valley 
experiment where complex terrain complicates analysis and simulations for regions of this type 
of composition.  Initially, it was believed that during the daytime upslope winds transported 
pollutants elevated into the residual layer only to be returned in the nighttime downslope winds 
that flow out through the valley.  Despite an actual cleansing of the air, it is not clear as to the 
actual degree of deposition and titration occurring in the nocturnal boundary layer versus the 
level of down-mixing of precursors aloft (Banta et al. 1997).  Regardless, estimating the 
diffusion of pollutants during nighttime in complex terrain is extremely difficult primarily due to 
gravity-driven drainage flows overlain with wind from differing directions (Bowe et al. 2000). 
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 In an urban environment located within Manitoba, Canada, a localized urban-heat island 
effect was responsible for establishing a circulation scheme similar to a sea breeze affecting the 
diurnal pattern of O3 concentration.  A large temperature gradient existed between the urban core 
and the outlying rural areas resulting in an induced circulation into the city from all directions 
transporting O3 from rural areas into the urban center (Raddatz et al. 2001).  Additionally, a local 
peak in O3 in the early morning hours was attributed to downward fumigation of O3 from the 
residual layer. 
In similar situations, there are two key parameters to consider: mixing height and 
ventilation coefficient.  The ventilation coefficient is the product of the mixing height and the 
wind speed at a 10 m height.  A large ventilation coefficient would be indicative of a greater 
dispersal of pollutants, leading to lower concentrations (Rao et al. 2003).  However on high O3 
days, there was a 40 percent higher concentration aloft nocturnally, suggesting a vertical mixing 
and fumigation enhanced surface O3 levels in the morning resulting when the boundary layer 
begins rapid development with an ten-fold increase in the ventilation factor between nighttime 
and morning (Rao et al. 2003).  In a related study, a dissimilar result indicated morning 
ventilation coefficients nearly half of the value on O3 episode days compared to non-episode 
days (Berman et al. 1999).   Generally speaking, early morning hours exhibit light winds and low 
mixing heights.  This would lead to a lower ventilation coefficient, thus affecting the 
concentration of surface ozone.  As the day progresses, radiational heating warms the surface, 
and the mixed layer deepens allowing for a larger volume of air possibly diluting any 
concentration of O3 (Zhang and Rao 1999). 
In an associated study (McKendry et al. 1997), when transitioning from nighttime to 
daytime, down-mixing was found to contribute to nearly one half of the observed increases in 
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surface O3 concentrations.  This residual layer acts like a ‘reservoir’ as the concentration of O3 
closer to the surface is decoupled from above (Kleinman et al. 1994).  This condition is likely 
found in post-frontal regions or in the presence of an anticyclone having clear skies and calm 
surface winds (Chung 1977).  Results from a previous study indicated that the O3 mixed down 
from the residual layer contributed to nearly 50-70 percent of the concentration of the next day 
surface values (Neu et al. 1994).  Morris et al. (2010) noted that the maximum O3 concentration 
in the morning residual layer was nearly the same as the mean O3 concentration found in the 
mixed layer from the previous afternoon.  The existence of the boundary layer tends to restrict 
locally produced pollutants to the region and therefore pollutants can reach high concentrations 
due to little dispersion (McKendry and Lundgren 2000).  Rappenglück et al. (2008) concluded 
that entrainment of elevated O3 advected from the north were important in determining 8-hr 
average O3 peaks in Houston.  Although the previously mentioned studies are in agreement, 
some research does not indicate clear evidence of increased next day O3 maxima due to 
increased wind speed maxima resulting in vertical mixing of O3 from the residual layer 
(Teichmann et al. 1997). 
Nocturnal chemical processes can either remove pollutants through deposition or titration 
or lead to a reservoir of pollutants that may be injected into the mixed layer during the daytime 
(Galmarini et al., 1997).  Additionally, a LLJ may be responsible for enhanced turbulence, 
vertical mixing, and the transport of air pollutants (Corsmeier et al., 1997).  Because of the 
ability for the transport of pollutants regionally and the potential for reservoirs of pollutants to 
reside in the residual layer for extended periods of time, O3 control strategies would be most 
effective if they incorporated measures that considered regional as well as local spatial scales and 
time scales covering several days (Rao et al., 2003). 
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Pollutants may be removed physically from the atmosphere in essentially two ways -- 
either from dry deposition or wet deposition.  The former is a situation when the pollutant is 
absorbed by soil, water, or plant surfaces.  The other condition is related to when pollutants are 
incorporated into clouds, rain droplets, or aerosols (Wayne 1991).  In the case of O3, there is 
basically a third option, by which it is not necessarily removed from the atmosphere, but rather 
converted chemically.  Near the surface, chemical reactions with other gases including NOx can 
effectively eliminate or significantly reduce the presence of O3 (Vukovich and Scarborough 
2005).  However, there is a possibility that NOx emission control measures may actually increase 
O3 concentrations as the NO concentration is minimized, leading to less scavenging at night and 
a higher diurnal minimum O3 concentration.  Under this scenario, the daytime O3 concentration 
could become much higher with O3 transport or the entrainment from the residual layer after 
sunrise (Vukovich and Scarborough 2005). 
 
5.3 Data and Methodology 
Over the course of three successive weeks in the spring of 2006, a collection of 
ozonesondes was launched.  The same procedure was used to launch the series of three 
ozonesondes per episode.  First, a balloon was launched at approximately 1400 CDT during 
afternoon one.  The next morning, a balloon was launched at 0600 CDT.  On the afternoon on 
day 2, a third ozonesonde was launched at approximately 1400 CDT.  Each ozonesonde was 
launched in an open field adjacent to the Ben Hur Farm near the main campus of Louisiana State 
University in Baton Rouge, Louisiana. 
The electrochemical concentration cell (ECC) variety of ozonesonde was utilized in this 
research.  As the instrumentation sensed O3, a dilute solution containing potassium iodide 
produced a weak electrical current that was recorded proportionally to the concentration of O3 
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detected.  Additional meteorological variables including temperature, humidity, pressure, and 
wind speed/direction were measured via an accompanying radiosonde.  Each radiosonde was 
attached to an ozonesonde and released on a helium-filled latex balloon.  
Simultaneous surface measurements of meteorological variables and O3 concentration 
were obtained from two sources.  Surface synoptic and meteorological conditions were obtained 
from the daily surface analyses archived by the Hydrometeorological Prediction Center, NOAA-
NWS or via in-situ measurements.  Meanwhile, surface ambient O3 concentrations were obtained 
from the EPA AIRS AQS hourly data recorded at the Baton Rouge – LSU ambient air quality 
measurement station.  This station is approximately 6.5 km from the field where the ozonesondes 
were launched. 
 
5.4 Results and Analysis 
5.4.1   Case 1: 27-28 April 2006 
Afternoon, Day 1 
  A region of high pressure centered over the Louisiana-Arkansas border was in place at 
1800 UTC (noon LST) on 27 April (Figure 5.1).  At 1400 CDT, surface pressure was measured 
at 1016 hPa, with wind blowing at about 2 m s-1 from a northerly direction.  Relative humidity 
was 49 percent and the air temperature was 25.1⁰C.  The hourly O3 concentration measured at the 
nearest ambient air monitoring station, Baton Rouge – LSU, indicated a rise of over 30 ppb from 
the early morning hours until mid-afternoon (Figure 5.2). 
 The temperature profile showed an indication of a shallow inversion layer at a pressure of 
near 900 hPa, approximately 1 km above the surface (Figure 5.3a).  At the same time, a peak in 
wind speed of 8 m s-1 occurred along with a change in wind direction (Figure 5.3b). The wind 
blew from the NNW initially, peaked from the NE, then shifted back to NNW.  The wind speed 
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had increased steadily from approximately 2 m s-1 at the surface to a peak of over 15 m s-1 just 
above 850 hPa or 2200 m. 
 
 
 
Figure 5.1  Surface analysis, 27 April 2006, 1800 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
 
The O3 profile from the afternoon launch on day 1 showed a well-mixed layer from the 
surface up to about 1 km with an O3 concentration between 50 and 55 ppb (Figure 5.3c).  For the 
next 1000 m, O3 increased steadily at a rate of about 1 ppb / 50 m.  In the next 100 m, the O3 
dropped nearly 20 percent to 61 ppb.  The concentration remained nearly constant for another 
150 m.  At a point approximately 2400 m above the surface, the O3 concentration began to 
increase again at a rate of 2 ppb/50 m until it reached a secondary maximum of 83 ppb at a 
height of 2950 m. 
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Figure 5.2  Hourly O3 concentration at the Baton Rouge LSU ambient air monitoring station, 27–
28 April 2006. 
 
About 1 km higher, there was an abrupt decrease in O3 concentration from 75 ppb to 
nearly 60 ppb.  Although this layer is stable as indicated by the profile of θ (Figure 5.3c), a 
moderate increase in wind speed to 16 m s-1 occurred.  Up to 2500 m, there is a higher moisture 
content present as well.  Above that point, the air became drier, wind speed decreased, and the 
concentration of O3 rapidly increased. Additionally, there is a noticeable drop in the amount of 
moisture present at that level, indicated by a drop in the mixing ratio from 6 g/kg to 2 g/kg 
(Figure 5.3d). 
 
Morning, Day 2 
 Overnight, the surface high pressure center moved off to the east with moist airflow from 
the Gulf of Mexico reaching the BRNAZ (Figure 5.4).  At 0600 CDT, launch conditions 
indicated a surface pressure reading of 1015 hPa.  The air temperature was 15.3⁰C and the 
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relative humidity was 80 percent.  The winds were easterly at 1 m s-1.  Scattered clouds were 
present with heavy dew apparent. 
 
 
 
Figure 5.3  Ozonesonde profile and radiosonde observations, 27 April 2006, 1400 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
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Figure 5.4  Surface analysis, 28 April 2006, 1200 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
 
 
 Throughout the evening, surface O3 measured at LSU had decreased significantly (Figure 
5.2). After midnight, O3 concentrations began to rise slowly.  At launch time, the surface 
concentration for O3 was measured at 11 ppb at LSU.  There was complex series of inversion 
layers at that time (Figure 5.5a).  The first was the stable layer closest to the surface extending 
upwards approximately 250 m.  The next layer was a residual layer that extended 500 m.  In 
terms of wind speed and direction, a relatively high wind speed of 11.5 m s-1 was near the 
surface (Figure 5.5b).  This layer also, not surprisingly, has a very low concentration of ozone.  
This is an area of a nocturnal inversion up to 250 m above the surface.  Above that point, the 
winds decreased, although they remained blowing from an ESE direction.  Near 800 m above the 
surface, a second stable layer existed with much drier air (Figure 5.5d).  The winds became 
nearly calm before abruptly switching direction from the NE and steadily increased to 6 m s-1. 
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The O3 concentration more than doubled from 25 ppb to 56 ppb within 300 m closest to 
the surface (Figure 5.5c).  For the next 500 m, the concentration remained relatively constant, 55 
– 59 ppb, in a well-mixed layer.  Above 800 m, the concentration began to increase rapidly at 
first and then more steadily at a rate of 1 ppb / 50 m until reaching a maxima of 80 ppb at 1600 
m above the surface.  Once again, the concentration remained nearly constant, 78 – 80 ppb, 
throughout the next 400 m.  From 2000 – 2400 m, the O3 concentration dropped by 20 ppb, only 
to rise by 5 ppb over the next 300 m.  At 2700 m, the amount of O3 in the atmosphere decreased 
to 55 ppb at 3250 m.  Afterwards, the O3 concentration increased until reaching 73 ppb at 3800 
m.  For another 500 m, a well-mixed layer occurred, with concentrations ranging from 70 – 73 
ppb. 
 
Afternoon, Day 2 
Unfortunately, the launched scheduled for afternoon 2 suffered from complications, and 
data were unavailable.  However, it is noted that the 1800 UTC surface analysis continued to 
show flow from the Gulf of Mexico over the BRNAZ (Figure 5.6).  Also, the surface O3 
concentration measured at LSU indicated that the maximum hourly concentration increased 
nearly 10 ppb from the previous day (Figure 5.2).  Additionally, that evening O3 concentrations 
remained higher longer compared to the evening on day 1. 
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Figure 5.5  Ozonesonde profile and radiosonde observations, 28 April 2006, 0600 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
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Case 1 Review 
The presence of an anticyclone just north of the region had a strong influence in setting 
up a strong subsidence inversion near 1000 m above the surface, effectively placing a lid on the 
vertical mixing.  Just above this inversion, a 1-km deep pool or reservoir of O3 with a 
concentration ranging between 60 and 75 ppb had collected and maintained its presence until the 
next day.  This layer was interrupted by a lesser concentrated layer advected higher -- near the 
800 hPa level. 
As the morning approached and the high pressure center moved off to the northeast, a 
residual layer containing air with an O3 concentration ranging between 55 and 80 ppb, formed 
just above a strong nocturnal surface layer (Figure 5.5a).  Southeasterly strong winds near the 
surface helped to disperse any remaining ozone.  As the sun rose, it is likely that entrainment 
from this layer is what led to the afternoon increase of O3 with a maximum of 69 ppb compared 
to the previous afternoon maximum of 59 ppb. 
 
5.4.2 Case 2: 4-5 May 2006 
Afternoon, Day 1 
 The 1800 UTC surface analysis on 4 May 2006 showed a frontal line approaching 
northern Arkansas (Figure 5.7).  The BRNAZ was situated on the back-side of a high pressure 
region.  Launch conditions were favorable with wind out of the southeast at 3 m s-1.  Air 
temperature was 24.4⁰C with 75 percent relative humidity.  A period of light rain occurred 
earlier. 
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Figure 5.6  Surface analysis, 28 April 2006, 1800 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
 
 
 At the LSU monitoring station, a minimum of 14 ppb was reached during the early 
morning hours on day 1 (Figure 5.8).  The maximum hourly O3 concentration was only 41 ppb 
for the day.  The concentration of O3 remained relatively low near the surface as the wind speed 
was 2 m s-1 (Figure 5.9b).   Once launched, the O3 concentration recorded by the ozonesonde 
doubled to 47 ppb within only 350 m of the surface, with a peak wind speed of 7 m s-1.  This 
concentration remained nearly constant for the next 500 m.  At that point, the concentration 
increased at a much slower rate of approximately 1 ppb / 170 m until it reached 55 ppb near 1700 
m above the surface (Figure 5.9c).  At that point, the rate increased to 1 ppb / 30 m.  Also at that 
height, the air became much drier with a rapid increase of over 10 ppb in the concentration of O3 
(Figure 5.9d).  At 2000 m above the surface, there was a deep well-mixed layer extending more 
than 2000 m upward with concentrations ranging between 65 – 70 ppb.  The winds remained 
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blowing from the WSW throughout much of the troposphere up to 700 hPa (Figure 5.9b).  
Throughout this same region, the winds fluctuated steadily between 2 and 7 m s-1. 
 
 
 
Figure 5.7  Surface analysis, 4 May 2006, 1800 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
 
Morning, Day 2 
 By 1200 UTC on the morning of day 2, the front that was positioned over northern 
Arkansas had situated itself over northern Louisiana (Figure 5.10).  At the launch time of 0600 
UTC, the winds were calm.  The surface pressure was 1012.5 hPa, the air temperature was 
18.9⁰C, and the relative humidity measured 95 percent.  Light fog was present. 
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Figure 5.8  Hourly O3 concentration at the Baton Rouge LSU ambient air monitoring station, 4–5 
May 2006. 
 
Over the course of the evening, the O3 concentration decreased steadily with a minor 
peak near midnight (Figure 5.8).  Ozone concentration remained significantly low until sunrise.  
Data from the ozonesonde indicated the O3 concentration was less than 10 ppb within 150 m of 
the surface (Figure 5.11c).  Between 150 m and 275 m, there was a rapid increase of O3 to 23.5 
ppb.  At that point, the surface inversion reached its maximum height (Figure 5.11a).  Also, the 
wind speed reached a maximum of 9 m s-1(Figure 5.11b).  The wind had changed direction 
steadily from the north at the surface toward the west at this height.   That level was also the 
height with the maximum mixing ratio -- over 13 g/kg (Figure 5.11d).  From that level above, 
throughout the lower troposphere the winds fluctuated between 5 and 10 m s-1, but remained 
steady from a WSW direction. 
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Figure 5.9  Ozonesonde profile and radiosonde observations, 4 May 2006, 1400 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed).  
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   However, the amount of O3 quickly decreased as the ozonesonde reached 400 m (Figure 
5.11b).  At that height, the concentration of O3 rapidly increased at the rate of about 1 ppb / 8 m 
until it reached 37 ppb at approximately 685 m above the surface (Figure 5.11c).  As the 
ozonesonde continued to rise, the rate of increase in O3 lessened until it reached about 1200 m.  
At that height, there appears to be a minor cap where the winds had peaked to 10 m s-1 before 
decreasing to 5 m s-1 slightly higher (Figure 5.11b).  This also was a region where the air had 
noticeable drying (Figure 5.11d).  Above that height, the air was relatively well-mixed with 
concentrations ranging between 45 and 66 ppb. 
 
 
 
Figure 5.10  Surface analysis, 5 May 2006, 1200 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
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Figure 5.11  Ozonesonde profile and radiosonde observations, 5 May 2006, 0600 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
 
Afternoon, Day 2 
On the afternoon of day 2, the front was positioned just north of Baton Rouge (Figure 
5.12) and light drizzle had occurred prior to launch.  Surface pressure was measured at 1012.9 
hPa.  The air temperature was 27.2⁰C and the relative humidity had decreased to 66 percent.  The 
wind was blowing from the northeast at 1 m s-1. 
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As the day progressed from early morning, the amount of O3 steadily reached a 
maximum hourly O3 concentration of 61 ppb at 1400 CDT at the LSU monitoring station (Figure 
5.8).  The ozonesonde recorded 43 ppb closest to the surface and rose steadily to a peak of 54 
ppb at 700 m (Figure 5.13a).  In the atmosphere up to this point, there was a fair amount of 
vertical mixing (Figure 5.13c).  At 800 m above the surface, the mixing ratio, which had 
remained constant from the surface up to this height, decreased steadily (Figure 5.13d).  Also, 
the wind decreased to a calm state before increasing to 4 m s-1 along with a counter-clockwise 
change in the wind direction from SE toward the SW (Figure 5.13b). 
For the next 300 m, the O3 decreased to 43 ppb.  Above this point, the O3 concentrations 
increased by nearly 5 ppb over an additional 1300 m in height.  At 2300 m above the surface, 
there was evidence of a deep well-mixed layer of over 1500 m with a concentration of O3 at 56 
ppb nearly throughout (Figure 5.13c).  Just above this point at 2500 m with a pressure of 
approximately 750 hPa (Figure 5.13a), there was another inversion layer which seen an increase 
in the concentration of O3 by 10 ppb and a 50 percent change in wind speed (Figure 5.13b). 
 
Case 2 Review 
 This case began with a surface inversion of about 500 m on the afternoon of day 1.  
Above this layer was a relatively well mixed layer nearly 1500 m deep.  Above this layer, the 
amount of O3 jumped approximately 30 percent.  Overnight, once again a stable surface layer 
due to radiational cooling was established.  The concentration had seen a significant decrease 
during night time.  There was even a secondary minimum near 500 m above the surface, but that 
was possibly due to precipitation overnight.  As the front pushed closer, there was a kink in the 
temperature profile near 925 hPa (Figure 5.13b).  This kink coincided with a shift in wind 
direction from westerly to easterly and calmer winds all the way towards the surface along with 
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increased O3 compared to the previous day.  Above this level, O3 concentrations declined 
between 10 and 20 ppb. 
 
 
 
Figure 5.12  Surface analysis, 5 May 2006, 1800 UTC (Source: Hydrometeorological Prediction 
Center, NOAA-NWS). 
 
 
5.4.3 Case 3: 11-12 May 2006 
Afternoon, Day 1 
 On the afternoon of the first day of the third series of ozonesonde launches at 1800 UTC, 
higher pressure dominated the area as Baton Rouge was positioned on the eastern side of a 
surface high pressure region (Figure 5.14).  Just 12 hours earlier, a cold front had passed through 
southeastern Louisiana.  Surface conditions at launch time, 1400 CDT, indicated a pressure of 
1014 hPa.  The air temperature was 25.3⁰C and the relative humidity was 34 percent.  A 
northwesterly wind was blowing at 2 m s-1. 
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Figure 5.13  Ozonesonde profile and radiosonde observations, 5 May 2006, 1400 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
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 In the early morning hours, the ambient air station at LSU recorded an O3 concentration 
low of 31 ppb (Figure 5.15).  By early afternoon, the O3 at the surface had risen to 56 ppb which 
was the maximum hourly surface concentration for the day.  There was an indication of an 
inversion layer at 825 hPa with an associated peak in O3 of nearly 75 ppb (Figure 5.16a).  The 
wind speed increased from 3 m s-1 at the surface up to 9 m s-1 at 100 m above the surface (Figure 
5.16b).  At that height, the ozonesonde had recorded an O3 concentration of 59 ppb, an increase 
of about 5 ppb relative to the surface.  This concentration remained relatively constant 
throughout a well-mixed layer with an approximate depth of 1600 m (Figure 5.16c). 
 
 
 
Figure 5.14  Surface analysis, 11 May 2006, 1800 UTC (Source: Hydrometeorological 
Prediction Center, NOAA-NWS). 
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Figure 5.15  Hourly O3 concentration at the Baton Rouge LSU ambient air monitoring station, 11 
– 12 May 2006. 
 
At 1500 m above the surface, there was a noticeable drop in the amount of moisture 
within the atmosphere and the atmosphere only continued to become drier as the ozonesonde 
ascended (Figure 5.16d).  At this same height, there was evidence of stable layer with an increase 
in the concentration of ozone.   The amount of O3 peaked at a maximum of 74 ppb near 2000 m 
above the surface (Figure 5.16c).  At the same time the O3 was rising, there was an increase in 
wind speed to over 15 m s-1 (Figure 5.16b).  Although the wind direction had changed slightly, it 
was still primarily blowing from NW.  In less than 150 m, the O3 concentration decreased to 59 
ppb.  At that height, another layer approximately 500 m deep had a concentration of 
approximately 60 ppb throughout and the wind speed had decreased about 3 m s-1.  O3 increased 
at a rate of 3 ppb / 40 m to 78 ppb around 2900 m where it remained constant for another 500 m 
in height (Figure 5.16c).  Above this point, the amount of O3 spiked significantly at rate of 3 ppb 
/ 20 m to a high of 122 ppb at a height of 3700 m.  Higher aloft, O3 decreased steadily to 90 ppb 
at a height of 4300 m and then decreased further to 75 ppb at 4600 m. 
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Morning, Day 2 
 The following morning, at 1200 UTC, a dominant high pressure cell had been situated 
over the Texas / Louisiana border (Figure 5.17).  Early morning launch conditions included 
heavy dew.  The surface pressure was measured at 1014 hPa. The air temperature was 11.9⁰C 
and the relative humidity was 92 percent.  Winds were calm. 
 Overnight, the O3 concentration dropped rapidly to less than 5 ppb in the evening, rising 
momentarily to 15-17 ppb around midnight (Figure 5.15).  Shortly after sunrise, the O3 
concentration began to increase along with the solar radiant intensity.  The 200 m closest to the 
surface was a stable layer due to radiational cooling (Figure 5.18a) and was very moist (Figure 
5.18d).  The wind was blowing at 10 m s-1 primarily from the NNW compared to being calm at 
the surface (Figure 5.18b).  The ozonesonde recorded O3 rapidly increasing at a rate of 2 ppb / 15 
m to 44 ppb at 300 m above the surface (Figure 5.18c).  This concentration remained fairly 
consistent throughout a mixed layer extending 900 m upward where a shallow inversion layer 
existed.  Also, the wind remained steady between 8 and 10 m s-1 blowing from the NNW.  
Throughout the inversion layer, the concentration rose at a rate of approximately 1 ppb / 20 m, 
upon reaching a maximum of 77 ppb at 1800 m.  As the ozonesonde continued to rise, drier air 
was experienced and the wind speed began to increase steadily and shift in a more WNW 
direction.  About 200 meters higher, the concentration decreased to 64 ppb as more moist air was 
encountered.  Then it rose to 79 ppb and decreased again to 73 ppb at 2700 m as the wind speed 
increased to nearly 20 m s-1.  The concentration remained relatively constant for the next 300 m 
at which point it began to increase at a rate of 1 ppb / 15 m until it reached 102 ppb at a height of 
3450 m.  Above that level, the concentration decreased to 75 ppb over the next 400 m.  Once 
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again, another mixed layer where the concentration remained steady was reached with a depth of 
800 m.  Above that point, a rapid decrease in O3 to less than 40 ppb was experienced. 
 
 
Figure 5.16  Ozonesonde profile and radiosonde observations, 11 May 2006, 1400 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
 
 
Afternoon, Day 2 
 The 1800 UTC surface analysis (Figure 5.19) shows that the high pressure was still 
mainly centered over the Texas / Louisiana border although it moved farther south.  The surface 
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pressure was measured at 1014 hPa.  The air temperature was 25.3⁰C and the relative humidity 
was measured at 36 percent.  The winds were northerly at 1 m s-1 with gusts reaching 5 m s-1. 
 
 
 
Figure 5.17  Surface analysis, 12 May 2006, 1200 UTC (Source: Hydrometeorological 
Prediction Center, NOAA-NWS). 
 
 
In the afternoon of day 2, the amount of O3 present at the surface measured at the LSU 
ambient air station reached 62 ppb at 1400 CDT (Figure 5.15), which was approximately 10 
percent higher than the maximum hourly concentration recorded the previous day.  An inversion 
was present at approximately 825 hPa (Figure 5.20a).  In the few hundred meters above the 
surface, the wind increased from relatively calm to about 3 m s-1 with a direction change from N 
to WNW (Figure 5.20b).  The ozonesonde recorded an O3 concentration of nearly 60 ppb at the 
surface and rose steadily to 66 ppb at a height of 300 m (Figure 5.20c).  Above that height was 
an extremely deep convective layer over 1800 m in height that was well-mixed as indicated by a 
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steady O3 concentration of 66 – 68 ppb.  Through the next 300 m until 2400 m above the surface, 
O3 concentrations increased from 68 to a maximum of 82 ppb.  This inversion layer is also a 
region where the air is considerably drier (Figure 5.20d).  In that layer, the wind speed also 
reached a peak of nearly 18 m s-1 although the wind direction changed relatively little with a 
predominant WNW orientation.  The concentration decreased upward to about 72 ppb at a height 
of 4300 m.  Over the next 450 m upward, the O3 concentration rapidly decreased before reaching 
a minimum of 48 ppb. 
 
Case 3 Review 
On the first afternoon, there was a pronounced well-mixed layer extending upwards of 
1700 m from the surface (Figure 5.21c).  Around 800 hPa, an inversion layer coincided with the 
peak O3 concentration (Figure 5.16a).  Overnight, the winds generally appeared to maintain the 
same intensity and direction (Figure 5.16b, 5.18b) as a surface anticyclone developed to the west 
over Texas (Figure 5.17).  The position of the anticyclone over southeastern Texas / western 
Louisiana associated with clockwise flow may have led to the advection of O3 or precursor 
chemicals favorable for O3 development. 
The possibility of advection may have resulted in the layer with the low levels of O3 just 
above the inversion layer on day 1, collapsing and mixing with the higher O3 above and below it 
(Figure 5.18a).  Also, an increase in surface O3 was measured at the LSU station in the early 
morning hours (Figure 5.15) which may be the result of turbulent mixing.  On the afternoon of 
day 2, there was a nearly uniform increase in O3 concentration of 10 ppb in an even deeper 
mixed layer with slightly slower wind speeds extending beyond 2000 m (Figure 5.20c) above the 
surface as the surface anticyclone approached from the west (Figure 5.19). 
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Figure 5.18  Ozonesonde profile and radiosonde observations, 12 May 2006, 0600 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
 
 
5.5 Chapter Summary 
In this chapter, the results from a set of field experiments involving a collection of 
ozonesondes launched in the spring of 2006 are presented.  The primary purpose of the launches 
was to investigate the diurnal variation in the vertical distribution of tropospheric O3 within the 
metropolitan Baton Rouge nonattainment zone (BRNAZ), along with associated meteorological 
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variables.  Evidence from the ozonesonde launches indicates influences from subsidence, 
radiational cooling, frontal passage, advection, and turbulent mixing. 
 
 
 
Figure 5.19  Surface analysis, 12 May 2006, 1800 UTC (Source: Hydrometeorological 
Prediction Center, NOAA-NWS). 
 
 
A subsidence inversion is one of controlling mechanisms of O3 development over the 
BRNAZ for the period 27-28 April 2006.  On the afternoon of 27 April, a subsidence inversion 
likely occurred due to the anticyclone that was just north of the region.  Case 2, 4-5 May 2006 
was affected by mechanisms related to an approaching front.  Although rain appeared to affect 
the concentration of O3 in the nocturnal boundary layer overnight, entrainment the following day 
appeared to raise the concentration of O3 throughout the mixed layer compared to the previous 
day. 
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Figure 5.20  Ozonesonde profile and radiosonde observations, 12 May 2006, 1400 CDT: (a) O3 
concentration (solid), temperature (dashed), dewpoint temperature (dotted); (b) wind speed 
(solid), wind direction (dotted); (c) O3 concentration (solid), potential temperature (dashed); (d) 
O3 concentration (solid), mixing ratio (dashed). 
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Figure 5.21  Ozonesonde profiles: (a) April 27 – 28, 2006; (b) May 4 – 5, 2006; (c) May 11 – 12, 
2006. 
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The last case, 11-12 May 2006 involved the possibility of turbulent mixing as well as 
influence from a subsidence inversion.  On the first afternoon, there was a pronounced well-
mixed layer extending upwards of 1700 m from the surface (Figure 5.21c).  Off to the west, an 
anticyclone was forming over Texas.  A layer of air with the low levels of O3 just above the 
inversion layer on day 1 had collapsed and mixed with the higher O3 above and below it.  Also, 
an unexpected increase in surface O3 measured at the LSU station in the early morning hours 
(Figure 5.15) may have been the result of turbulent mixing.  On the afternoon of the second day a 
nearly uniform increase in O3 concentration of 10 ppb was observed in a very deep mixed layer 
(depth greater than 2000 m). 
The three case studies suggest that the strength of the subsidence inversion relates to the 
formation of an O3 reservoir above.   With a weak subsidence inversion, an updraft may puncture 
the O3 reservoir and lead to elevated O3 mixing ratios.  Additionally, a possible increase in O3 
during the morning could result from the process of a LLJ leading to enhanced mixing. 
As research continues and additional geographies are studied, the linkage between the 
nocturnal stable boundary layer and its influence on surface O3 concentration levels will be 
defined further.  This increased knowledge will lead to improved O3 forecasting capabilities, 
governing policy, and better O3 control measures. 
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CHAPTER 6:  SUMMARY AND DISCUSSION 
 
 The development of tropospheric ozone (O3) is the result of a set of complex interactions 
involving atmospheric chemistry with aspects of natural as well as anthropogenic influences. 
Ozone, considered a secondary pollutant, is not directly emitted into the atmosphere.  Rather it 
forms from the result of chemical reactions between sunlight and other molecules in the 
atmosphere.  In the lower troposphere, precursors known as volatile organic compounds (VOCs) 
and nitrogen oxides (NOx), produced both via natural as well as anthropogenic sources, influence 
the overall concentration of surface ozone. 
 The state of the atmosphere or the general circulation of a region has a significant impact 
on the development of tropospheric ozone.  A fundamental factor in the formation of O3 is 
related to the intensity of incoming solar radiation.  Sunny weather with clear skies provides an 
ideal “cooking pot” for accelerated photochemical reactions leading to enhanced O3 formation.  
Surface O3 can further be increased if there are calm or light winds which lessen the chance for 
dispersion and lead to a build of the pollutant.  Additionally, it has been noted that O3 and its 
precursors have been by transported by localized winds and general circulation patterns.  
 As the effects of tropospheric O3 are felt around the world in countries like Canada, 
China, France, Mexico, and the United States, it has a lasting impression on both the natural 
environment as well as human society.  Ozone has been linked to human health problems 
affecting children, the elderly, those with respiratory disease, and individuals with considerable 
outdoor exposure.  The effects of O3 are not limited to humans; vegetation and crops can be 
damaged as well.  Modification of cell structure, reduced crop yields, and altered vegetation 
growth rates are all results of exposure to elevated concentrations of surface ozone. 
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 These negative effects of O3 exposure have a tremendous impact on the economy as a 
result.  Billions of dollars are spent worldwide in response to poor air quality from pollutants 
such as ozone.  These costs are associated with health care, regulation and enforcement of 
pollution standards, lost productivity, and deterioration in the quality of life from polluted 
spaces.  Due to the harmful effects on human health, the natural environment, and potential 
economic impacts, the United States government passed legislation with the aim to regulate air 
pollution and enforce standards aimed at improving air quality.  The United States 
Environmental Protection Agency has established a National Ambient Air Quality Standard 
(NAAQS) for ground-level O3 which currently is set at 75 ppb.  Failure to attain this standard 
results in an area being designated as “nonattainment” area.  Such regions face further 
requirements including the development of strategic plans to reach attainment, possible 
implementation of practices to reduce pollutants for area industries, possible government 
imposed fines, and other measures involving education and modification of daily activities.  
 Baton Rouge, Louisiana, currently is ranked as one of several metropolitan cities in the 
United States most affected by O3 pollution.  Currently, the Baton Rouge metropolitan area, with 
an estimated population of nearly 800,000, is designated as “Moderate” in terms of meeting the 
O3 standard.  The region is situated along the Mississippi River in an area influenced heavily by 
the petrochemical industry.  As the capital of the state of Louisiana and home of Louisiana State 
and Southern Universities, it is also the center of government and educational activities in the 
region. 
The goal of this research was to provide more insight into the atmospheric factors 
affecting the development of tropospheric O3 in the Baton Rouge metropolitan nonattainment 
zone (BRNAZ) and thus possibly allowing for a greater understanding that will enable officials 
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and citizens to better monitor and prevent episodes of elevated tropospheric O3 concentrations.  
Findings from each of the major components of this dissertation are summarized below.  In 
addition, critique about the methods, research shortcomings, and possible improvements as well 
as intended future research will be discussed. 
 
6.1 BRNAZ Surface Ozone Climatology 
In Chapter 3, hourly observations of surface O3 concentrations were analyzed for eleven 
ambient air quality stations in the BRNAZ.  The hourly observations were obtained from the 
EPA Air Quality System online data archive.  Data covering a 15-year period, January 1993 – 
Dec 2007, were characterized according to varying temporal scales: annually, seasonally, 
monthly, and daily.  In addition to the 1-hr ozone concentrations, 8-hr averages were computed 
and analyzed as well. 
Over 95 percent of the hourly observations were available and utilized in this study.  
Records indicate overall that the completeness of data available has improved since 1993.  For 
the first half of the study period, the mean area 1-hr O3 concentration had an increasing trend.  
However, in 2001 an abrupt decrease occurred, followed by another minimum in 2002.  Since 
that time, the trend in average 1-hr area O3 concentration seems to be increasing once again.  
Mean 1-hr O3 for each month shows a double peak, once in spring and another in late summer / 
early fall with a slight lull in the summer months.  As would be expected due to the 
photosensitive nature of O3 formation, daily values reach a maximum in the afternoon hours 
during the period of maximum incoming solar radiation.  As evening approaches, hourly values 
rapidly decline as the sun sets and deposition and the titration by NO occur. 
The 8-hr average patterns exhibit a slightly different pattern.  The average maximum 
daily 8-hr O3 has a more “normal” distribution by month whereby the minimum occurs in the 
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winter, rises in the spring, reaches a maximum in summer, only to decrease in the fall again.  The 
diurnal pattern is similar between 1-hr and 8-hr averaging periods, but is shifted a few hours due 
to the method used to calculate the 8-hr averages.  Generally, there is a declining trend in the 
annual maximum for both 1-hr and 8-hr O3 concentrations overall. 
With the implementation of the current NAAQS of 75 ppb, the BRNAZ faces an 
increased challenge in obtaining attainment.  Results from this study show that the BRNAZ 
easily doubles or triples the number of exceedances from the previous 8-hr standard of 85 ppb. If 
the EPA tightens the standard, as is currently being proposed, the situation will only ensure that 
the BRNAZ remains in nonattainment and possibly be designated with a more severe 
classification. 
The O3 climatology here is based on the recorded values in the EPA AIRS database.  
Although the database provides hourly values, these values are not meteorologically adjusted.  
Therefore, any trends or patterns associated with these values have to be considered the result of 
a combination or anthropogenic, environmental, and meteorological effects.  In order to assess 
ozone trends, it would be necessary to investigate the effect of meteorological variation on the 
development of ozone (Bloomfield et al. 1996; Zheng et al. 2007). 
 
6.2 Synoptic Analysis of High Tropospheric Ozone Concentrations in the BRNAZ 
 The primary purpose of Chapter 4 was to determine the relationship between surface O3 
concentrations in the BRNAZ and broad-scale synoptic steering patterns utilizing an 
environment-to-circulation approach.  Using the 8-hr average O3 concentrations, an elevated O3 
episode day was designated as the value equal to one standard-deviation above the mean 8-hr O3 
concentration.  This value was determined to be 70 ppb which resulted in a retained set of 792 
days.  
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 For each of the elevated O3 days, 700 hPa geopotential height fields at 1200 Z was used 
to reveal the synoptic circulation pattern for that given day.  Each day was then classified into 
one of nine separate clusters using the combination of principal components analysis as a data-
reduction and orthogonality-establishing technique and also k-means cluster analysis for 
classification. 
 The nine clusters were broadly classified into three major patterns: synoptic subsidence, 
Gulf High, and non-meteorological.  Results obtained from the composited 700 hPa geopotential 
height fields suggest that forecasting may be most successful in early spring and October.  
Forecasting in the summer months is complicated by the fact that a significant number of 
elevated O3 days are influenced by non-meteorological factors. 
 Despite the lack of more distinct circulation patterns among the clusters, the results are in 
agreement with previous research.  The result of using k-means clustering in this study produced 
clusters of nearly equal size.  This outcome may either be a shortcoming of using this technique 
with the given data or the result is an indication of the subtle variation in the general synoptic-
circulation patterns leading to elevated O3 within this region.  
 
6.3 Ozonesonde Experiments 
Findings from a series of ozonesonde launches in the spring of 2006 were presented in 
Chapter 5.  The primary purpose of the launches was to investigate the diurnal variation in the 
vertical distribution of tropospheric O3 within the BRNAZ.  An ozonesonde not only reveals  the 
vertical profile of O3, but it also collects and transmits other atmospheric data, including stability 
conditions, along that profile as it ascends. 
For three consecutive weeks, ozonesondes were launched at three intervals: afternoon of 
day 1, morning of day 2, and afternoon of day 2.  By performing the launches in this manner, it 
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was possible to assess changes in the vertical structure of O3 from one day to the other.  Several 
factors can affect the concentration of O3 at a given height in the atmosphere including the 
mixing depth, wind speed and direction, and the concentration of precursors favorable / 
unfavorable for O3 formation or destruction.  Another important factor is the development of the 
nocturnal boundary layer and its interaction with the level of O3 in the lower troposphere.  Data 
obtained from the ozonesonde launches indicated subsidence, radiational cooling, frontal 
passage, advection, and turbulent mixing influenced the development of tropospheric ozone. 
The relatively few number of launches performed limit the extent of information that was 
obtainable from these field experiments in relation to diurnal O3 vertical distribution.  However, 
the information that was gathered indicated that advection aloft and the development of a 
residual layer with a rich O3 reservoir are likely influences on the development of tropospheric 
O3 from one afternoon until the next.  
 
6.4 Future Research 
In this study, three major research components shared an underlying focus on the 
relationship between atmospheric factors and the development of tropospheric O3 in the 
BRNAZ.  Although the information obtained from this analysis provided useful insight, further 
improvements and extensions of the basic research concepts could be performed in terms of 
ozone climatology, synoptic analysis, and field research. 
Although much research on the trends and patterns of O3 development have been 
conducted for the eastern United States and parts of the southwest, little emphasis has been 
placed upon the Baton Rouge – New Orleans petrochemical corridor.  An interesting analysis 
could investigate the differences in O3 levels between these two metropolitan areas.  
Furthermore, additional work could be performed on the use of back trajectories and the 
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transport of pollutants and precursors generating from outside the BRNAZ, including the 
Houston, Texas area or the industrial Midwest. 
Improvements in synoptic-circulation pattern classification would be beneficial as there 
are no leading techniques for given variables in tropospheric O3 research.  Perhaps the use of 
self-organizing maps (SOM) (Hewitson and Crane 2002; Panitz 2010), based on neural network 
theory, can provide better classification of similar patterns or more distinct separation overall.   
An extended collection of vertical O3 profiles utilizing ozonesondes and tethersondes, 
with greater control and longer exposure, could provide possibly greater insight into the diurnal 
variation in O3 development.  That information, along with detailed NOx data, could be analyzed 
with time series techniques providing an indication of the rate of formation and reduction of 
tropospheric ozone.   Furthermore, an analysis of archived sounding data including mixing 
heights and wind data could provide a better understanding of their relation to ventilation, 
stagnation, and potential for rapid O3 development leading to unhealthy O3 exceedance episodes.  
Additional research efforts including those mentioned above would likely lead to improved O3 
forecasting capabilities, governing policy, better control measures, and a better quality of life.  
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APPENDIX A:  BRNAZ HOURLY OZONE PROFILES 
 
 
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1994
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1993
00 23
00 23
167 
 
 
  
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1996
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1995
00 23
00 23
168 
 
 
  
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1998
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1997
00 23
00 23
169 
 
 
  
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2000
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI1999
00 23
00 23
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BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2002
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2001
00 23
00 23
171 
 
 
  
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2004
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2003
00 23
00 23
172 
 
 
  
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2006
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2005
00 23
00 23
173 
 
 
BAK BYP CAP CAR DUT FRS GRT LSU NRD PTA PRI2007
00 23
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APPENDIX B:  CLUSTER MEMBERSHIP 
 
Date (YYYYMMDD), cluster: 
 
19930328 1 
19930329 1 
19930427 4 
19930504 4 
19930505 4 
19930506 4 
19930507 2 
19930515 8 
19930516 8 
19930517 8 
19930522 8 
19930523 8 
19930530 1 
19930531 9 
19930602 9 
19930613 6 
19930614 6 
19930616 6 
19930703 2 
19930727 6 
19930729 4 
19930730 4 
19930731 8 
19930801 8 
19930809 1 
19930810 1 
19930811 1 
19930812 7 
19930813 7 
19930814 7 
19930817 6 
19930818 6 
19930819 7 
19930821 5 
19930828 6 
19930829 6 
19930901 8 
19930902 8 
19930903 8 
19930904 5 
19930908 8 
19930909 8 
19930910 8 
19930911 8 
19930912 3 
19930924 5 
19931001 8 
19931002 8 
19931003 8 
19931004 3 
19931005 3 
19931006 3 
19931018 8 
19940304 5 
19940330 3 
19940401 3 
19940402 3 
19940413 2 
19940419 8 
19940422 9 
19940428 3 
19940505 3 
19940506 3 
19940511 4 
19940512 4 
19940518 6 
19940519 6 
19940520 9 
19940521 9 
19940522 1 
19940523 3 
19940524 3 
19940616 7 
19940625 8 
19940702 2 
19940703 2 
19940724 8 
19940730 1 
19940731 1 
19940806 8 
19940807 8 
19940811 1 
19940816 3 
19940817 8 
19940818 1 
19940824 2 
19940825 1 
19940829 8 
19940831 3 
19940903 7 
19940906 5 
19940907 5 
19940919 3 
19940927 8 
19940928 8 
19940929 8 
19940930 9 
19941006 2 
19950318 1 
19950319 5 
19950325 7 
19950414 5 
19950426 8 
19950429 8 
19950505 5 
19950521 3 
19950522 3 
19950523 3 
19950524 3 
19950525 3 
19950602 4 
19950603 4 
19950605 9 
19950614 9 
19950615 7 
19950616 7 
19950619 3 
19950620 3 
19950621 3 
19950622 1 
19950623 1 
19950624 6 
19950625 6 
19950626 6 
19950627 6 
19950708 1 
19950709 9 
19950710 9 
19950711 2 
19950712 4 
19950713 6 
19950716 6 
19950719 8 
19950728 2 
19950808 7 
19950812 2 
19950816 2 
19950819 6 
19950820 2 
19950821 1 
19950824 9 
19950827 5 
19950828 6 
19950830 6 
19950831 5 
19950901 5 
19950902 9 
19950903 1 
19950904 1 
19950905 1 
19950907 6 
19950908 9 
19950909 9 
19950910 1 
19950911 4 
19950912 8 
19950913 8 
19950914 8 
19950919 8 
19950920 8 
19950921 8 
19950928 5 
19951005 1 
19960322 9 
19960323 8 
19960408 9 
19960411 5 
19960427 8 
19960501 8 
19960502 8 
19960503 8 
19960513 5 
19960514 4 
19960515 4 
19960518 4 
19960521 9 
19960522 3 
19960524 3 
19960525 3 
19960531 7 
19960603 8 
19960604 8 
19960610 4 
19960611 2 
19960617 1 
19960618 2 
19960621 5 
19960626 7 
19960628 4 
19960629 6 
19960630 2 
19960701 2 
19960702 9 
19960703 9 
19960704 9 
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19960705 9 
19960706 3 
19960711 3 
19960712 3 
19960814 1 
19960815 1 
19960816 6 
19960817 2 
19960826 4 
19960906 7 
19960912 9 
19960913 9 
19960919 5 
19960923 7 
19960924 5 
19960925 9 
19970322 9 
19970406 8 
19970416 5 
19970501 8 
19970506 5 
19970507 8 
19970512 8 
19970513 8 
19970517 8 
19970602 9 
19970604 9 
19970605 9 
19970606 9 
19970612 3 
19970624 5 
19970703 8 
19970704 8 
19970706 4 
19970711 7 
19970714 6 
19970715 5 
19970721 3 
19970724 1 
19970725 7 
19970726 7 
19970728 3 
19970729 3 
19970730 3 
19970804 1 
19970805 1 
19970806 3 
19970807 3 
19970812 7 
19970821 1 
19970822 1 
19970825 4 
19970826 4 
19970827 9 
19970828 9 
19970829 9 
19970830 9 
19970831 8 
19970901 1 
19970903 1 
19970905 5 
19970908 6 
19970910 6 
19970911 7 
19970912 7 
19970913 7 
19970914 7 
19970915 5 
19970916 5 
19970917 2 
19970918 2 
19970919 2 
19970920 8 
19970921 3 
19970922 4 
19970928 3 
19970929 9 
19970930 4 
19971001 4 
19971003 4 
19971004 2 
19971020 6 
19971021 5 
19980406 9 
19980412 2 
19980424 9 
19980425 3 
19980501 9 
19980504 2 
19980505 2 
19980508 9 
19980511 9 
19980512 7 
19980513 7 
19980517 5 
19980518 5 
19980519 5 
19980520 5 
19980524 7 
19980525 3 
19980530 3 
19980531 3 
19980601 8 
19980624 7 
19980706 3 
19980707 3 
19980717 4 
19980718 4 
19980719 4 
19980720 3 
19980801 3 
19980803 1 
19980804 1 
19980805 1 
19980806 1 
19980810 4 
19980824 2 
19980825 2 
19980826 2 
19980827 4 
19980828 4 
19980829 4 
19980830 3 
19980903 9 
19980904 1 
19980923 5 
19980924 2 
19981001 3 
19981002 3 
19981011 7 
19981012 1 
19981013 1 
19981014 9 
19990412 5 
19990413 5 
19990419 5 
19990428 7 
19990429 6 
19990502 2 
19990506 4 
19990507 2 
19990508 2 
19990509 5 
19990514 7 
19990515 7 
19990516 7 
19990517 2 
19990519 1 
19990520 1 
19990521 3 
19990522 6 
19990523 1 
19990525 1 
19990528 5 
19990531 2 
19990603 7 
19990604 2 
19990605 2 
19990617 1 
19990618 1 
19990619 4 
19990620 4 
19990714 2 
19990715 7 
19990722 5 
19990725 5 
19990728 5 
19990801 8 
19990803 5 
19990804 3 
19990805 9 
19990806 9 
19990807 3 
19990814 2 
19990815 4 
19990816 4 
19990817 5 
19990818 5 
19990819 9 
19990820 4 
19990821 4 
19990822 3 
19990826 2 
19990828 4 
19990829 9 
19990830 9 
19990831 2 
19990910 2 
19990911 6 
19990912 6 
19990913 6 
19990915 2 
19990916 1 
19990917 6 
19990918 6 
19990923 9 
19990924 2 
19991002 2 
19991015 3 
19991027 4 
19991028 4 
20000306 7 
20000307 7 
20000323 6 
20000324 6 
20000328 9 
20000418 4 
20000422 9 
20000426 1 
20000427 1 
20000428 1 
20000429 4 
20000430 4 
20000515 5 
20000516 5 
20000517 3 
20000522 2 
20000529 5 
20000530 2 
20000531 3 
176 
 
20000601 8 
20000602 8 
20000606 4 
20000607 5 
20000608 2 
20000610 4 
20000611 4 
20000612 4 
20000704 7 
20000705 7 
20000706 7 
20000707 6 
20000708 7 
20000713 5 
20000714 5 
20000715 9 
20000716 9 
20000718 5 
20000720 5 
20000721 9 
20000722 9 
20000724 1 
20000725 2 
20000726 4 
20000727 4 
20000807 3 
20000811 1 
20000812 9 
20000813 9 
20000816 5 
20000817 5 
20000818 5 
20000819 5 
20000820 5 
20000821 7 
20000822 4 
20000825 5 
20000826 2 
20000827 2 
20000828 2 
20000829 2 
20000830 2 
20000831 2 
20000901 7 
20000902 7 
20000903 1 
20000904 1 
20000905 1 
20000915 9 
20000916 9 
20000918 3 
20000929 5 
20001015 4 
20001020 5 
20001021 2 
20001024 6 
20001028 7 
20001029 7 
20001030 7 
20001031 6 
20010322 8 
20010323 8 
20010427 4 
20010428 4 
20010429 4 
20010512 1 
20010514 4 
20010515 5 
20010523 9 
20010526 1 
20010612 2 
20010618 5 
20010624 1 
20010625 1 
20010626 7 
20010629 5 
20010707 2 
20010714 9 
20010715 9 
20010717 7 
20010718 7 
20010719 7 
20010724 3 
20010821 4 
20010822 4 
20010823 4 
20010824 4 
20010825 4 
20010915 9 
20010916 3 
20010922 4 
20010923 4 
20011002 3 
20011003 3 
20011020 2 
20020515 3 
20020522 3 
20020523 3 
20020524 3 
20020525 3 
20020526 4 
20020527 4 
20020528 4 
20020602 9 
20020611 3 
20020612 8 
20020613 8 
20020615 8 
20020707 1 
20020712 9 
20020717 5 
20020718 5 
20020719 3 
20020720 3 
20020808 1 
20020809 6 
20020821 2 
20020911 9 
20020912 9 
20020915 4 
20020916 4 
20030324 4 
20030412 9 
20030413 7 
20030414 7 
20030415 3 
20030418 2 
20030427 8 
20030428 8 
20030429 8 
20030430 8 
20030513 5 
20030519 6 
20030520 6 
20030523 1 
20030524 1 
20030525 4 
20030528 1 
20030529 9 
20030530 9 
20030531 9 
20030601 9 
20030608 8 
20030609 8 
20030623 2 
20030718 1 
20030727 3 
20030808 1 
20030809 1 
20030810 1 
20030811 1 
20030818 3 
20030819 3 
20030903 1 
20030906 1 
20030909 7 
20030917 2 
20030918 2 
20030919 2 
20030920 6 
20031004 9 
20031005 9 
20031021 4 
20031023 9 
20031024 3 
20031029 2 
20040311 3 
20040312 3 
20040313 3 
20040320 1 
20040402 6 
20040403 9 
20040404 9 
20040406 6 
20040409 8 
20040410 6 
20040415 2 
20040416 2 
20040428 8 
20040504 2 
20040505 2 
20040506 2 
20040507 8 
20040508 8 
20040509 8 
20040620 5 
20040711 7 
20040715 9 
20040716 9 
20040719 9 
20040720 4 
20040724 1 
20040729 2 
20040731 2 
20040804 9 
20040805 9 
20040811 8 
20040817 8 
20040818 8 
20040828 2 
20040910 4 
20040917 2 
20040927 6 
20040928 3 
20040929 3 
20040930 7 
20041003 8 
20041004 4 
20050403 4 
20050409 3 
20050415 6 
20050416 4 
20050417 5 
20050418 6 
20050427 8 
20050506 7 
20050507 7 
20050508 7 
20050510 6 
20050511 6 
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20050512 6 
20050513 6 
20050516 9 
20050517 4 
20050519 4 
20050521 6 
20050522 6 
20050523 6 
20050524 6 
20050525 6 
20050526 1 
20050527 1 
20050528 7 
20050602 7 
20050603 3 
20050612 2 
20050616 9 
20050619 1 
20050621 1 
20050622 5 
20050623 5 
20050624 2 
20050625 2 
20050626 2 
20050627 2 
20050628 2 
20050707 4 
20050708 4 
20050721 6 
20050722 5 
20050723 5 
20050725 5 
20050726 3 
20050802 4 
20050807 3 
20050808 8 
20050809 8 
20050812 8 
20050813 8 
20050816 3 
20050817 5 
20050822 6 
20050823 7 
20050824 7 
20050831 9 
20050902 5 
20050904 5 
20050909 7 
20050910 7 
20050911 7 
20050912 7 
20050913 7 
20050919 4 
20050921 5 
20050927 5 
20050928 5 
20050930 2 
20051009 2 
20051016 9 
20051018 9 
20051019 8 
20060305 7 
20060405 7 
20060410 2 
20060412 2 
20060413 2 
20060423 1 
20060424 1 
20060428 3 
20060501 6 
20060513 1 
20060518 9 
20060519 9 
20060522 7 
20060523 7 
20060531 1 
20060601 4 
20060602 4 
20060604 9 
20060605 9 
20060606 9 
20060607 1 
20060608 1 
20060609 6 
20060610 9 
20060611 9 
20060612 1 
20060614 3 
20060615 3 
20060623 5 
20060624 6 
20060626 1 
20060627 1 
20060628 1 
20060629 1 
20060630 1 
20060701 8 
20060711 4 
20060712 4 
20060715 4 
20060717 6 
20060718 1 
20060721 6 
20060803 3 
20060810 5 
20060823 3 
20060906 3 
20060907 3 
20060908 3 
20060914 7 
20060915 7 
20060927 8 
20061003 5 
20061005 1 
20061009 3 
20061010 8 
20070307 4 
20070308 4 
20070309 4 
20070416 9 
20070417 5 
20070419 6 
20070420 6 
20070421 6 
20070427 4 
20070428 1 
20070429 5 
20070430 5 
20070501 4 
20070509 2 
20070510 1 
20070511 1 
20070514 5 
20070519 1 
20070520 3 
20070521 3 
20070602 8 
20070611 6 
20070613 6 
20070614 6 
20070621 5 
20070622 5 
20070623 5 
20070723 1 
20070724 1 
20070725 4 
20070804 3 
20070809 5 
20070811 7 
20070813 5 
20070814 5 
20070823 2 
20070825 2 
20070901 1 
20070917 2 
20070920 2 
20070927 2 
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